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O. PREFACE 
From March 1976 to March 1980, the PPS project (Primary Production 
in the Sahel) carried out scientific research aiming at a better 
understanding of the production of Sahelian rangelands. The field of 
research was primary production, in relation to climate, soil, plant 
physiology, ecology, and soil microbiology. This research was not done 
merely to find answers regarding the "how" and "why" of a particular 
primary production in a particular year, hut so as to arrive at a better 
understanding of the relationship between primary production and the 
Sahelian ecosystem and its utilisation for animal husbandry. 
The results of the project have given us a better understanding of 
the real possibilities of the Sahel which can be used to plan long-term 
development and utilization of this fragile ecosystem. 
The goal of the course is to present and explain the project results 
to middle- and high-level officials involved in Sahelian animal 
husbandry. Thus the goal is not only to increase their knowledge, hut 
also to inspire them to use this knowledge. This latter aspect strikes us 
as being the most important, and we call attent ion to it during the 
course. 
We have divided the course (which lasts four weeks) into three 
sections: the first two weeks are devoted to theory, the third week to a 
field trip, and the last week to applications. 
During the theoretical section we give three 45 minute lectures each 
morning. These lectures are illustrated by slides and films. The course 
book (Productivity of Sahelian Rangelands, PPS Course, Volume 1-Theory, 
and Volume 11-Exercises) is supplied as a guide during the course as well 
as for the final report of the PPS project (see references). The 
afternoons are reserved for the participants to familiarise themselves 
with the knowledge acquired during the morning, by means of computation, 
demonstrations, and short field trips, laboratory visits, and study of 
the course book. 
During the third week we make a six-day field trip into the Sahel. 
We show the change in plant communi ties and lands capes as one travels 
from southern to northern Mali (Bamako, Koulikoro, Banamba, Dilly, Nara, 
Sokolo). We visit the Sahel Station, lLCA, and the Niono Ranch . We also 
visit field projects (Tienfala, Dilly, and Sokolo) . The purpose of this 
2 
week is to show the participants the Sahelian environment, the various 
systems of animal husbandry, and their specific problems, from a 
different point of view . 
During the fourth week we try to teach the participants how to apply 
the knowledge they have acquired. This is done by means of case studies 
(Volume II). 
The course book is available in English or French. The subjects in 
Volume I and Volume II are presented in the same order as that in which 
they will be covered during the course. Al though the course book was 
designed to be used during the course, it may also be us ed fo r pr ivate 
study. If one wishes to study theory only (Volume I), it is advised to 
read Chapter VII of Volume II as well. 
The course has been held three times. The first cour s e was or ganised 
for 20 Malian participants i n February, 1981 . The second was he ld f or 20 
participant s fr om al l the CILSS countr i es in Fe br ua ry , 1982. The cour se 
has been held again for 20 particirants from all the CILSS countries in 
October, 1982. 
We hope that this course will contribute to deepening knowledge, and 
improved understanding of Sahel rangeland production amongst the course 
participants. 
Spring 1983, Wageningen. 
N. de Ridder 
L. Stroosnijder 
A.M. Cissé 
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- hides 
Figure 1- 1.1. Primary production in relation to the 
envi r onment , and s econdary production. 
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1. OVERVIEW. 
1.1 lntroduction. 
The production of rangelands is of ten ex pressed by zootechnicians in 
the number of ca t t l e , sheep, and goats per hectare , or i n kg of meat and 
mi lk per ani mal. Al t hough thi s pr oduct i on (secondary pr oduction) is the 
ultimate goal, we must accept that plant production (primary production) 
is the bas i s f or t his s econdary pr oduction , s i nce it nour i s hes the 
livestock . This primary production can be natural vegetation, cultivated 
forage or agr i cultura l by- product s . 
The quantity and quality of primary production determines secondary 
production. Likewise, secondary production influences primary production. 
Here we will merely mention (over ) grazing and bush fires as factors which 
influence this primary production. 
Primar y production, in tur n, depends on the environment , although 
man can intervene (for example, by fertilising, irrigating, etc . ). 
Climatic facto r s ( r ainfall, temperature, humidity, r adiation, and 
photoperiod) and edaphic ones (texture, fertility and depth of the soil, 
and topography) determine the quantity and quality of forage produced in 
the first place (see Figure 1- 1.1). 
The PPS (Primary Production in the Sahel) project performed in- depth 
research on the primary production of Sahelian rangelands in terms of 
quantity and quality (particularly in terms of nitrogen) in relation to 
the Sahelian environment. Moreover, PPS has paid attention to the 
relation between primary and secondary production . During the first and 
second week of the course, we will present the results of our research; 
we will discuss the e f f ect s of pr imary pr oduction on s econdary pr oduction 
dur i ng the fou r th week . 
1.2 Definition of the Sahel 
Although the course will focus on primary production in the Sahel, 
our knowledge must be extrapolated to the savanna, because Sahelian 
animal husbandry is not restricted to Sahelian rangelands. 
' : 
""J' 
' 
' 
... -." .. " ... ") 
MAURITANIA 
8 
\ 
NIGERIA 
' ,- ~ 
, ' , \ / c,: ... 
/ ) 
,,"" ... , ,' / 
( •' ' ~: \ 
Figure 1-2.1. Schematic representation of the Sahelian zone in the countriea 
of West Africa. 
For this reason , we believe it is useful to define what we mean by 
the term "Sahel" at the beginning of the course. 
The Sahel is generally defined as an ecological zone located among 
the various climatic and vegetation zones extending from the Atlantic 
coast of West Africa to the Sudan (see Figure I - 2.1). 
Although these zones are most frequently distinguished according to 
isohyets, there can be several ways of identifying them. We have chosen 
the definition given by Boudet. Boudet (1975), who studied the Sahelian 
vegetation from the point of view of herbage production, used the 
following classification: 
- The subdesert Sahel: characterized by a negligible active period 
of grazing, with a Sahara- like desert climate, and annual rainfall of 
less than 200 mm. The 200 mm isohyet roughly corresponds to the southern 
border of this region. This border is a transitional zone, lying on the 
17th parallel to the west (south of Nouakchott), passing through Timbuktu 
and then south of the meander of the Niger, south of Agades, and finally 
reaching the lSth parallel in Chad. 
- The typical Sahel : characterized by a subdesert, Sahelo- Saharan 
climate having an active grazing period of about one month (August), and 
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Figure 1-3.1. Annua l ra i nf a ll of the West African Sahel 
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Figure I - 3.2. Decadal rainfall diet r ibution for two Sahelian· 
zones ( according to Davey,-1957 ) . 
a rainy season lasting two to two- and- a - half months, wi th an average 
annual ra i n f a ll r ang i ng fr om 200 mm i n the no r th t o 400 mm i n the south . 
The transit ion to the south cor r esponds to the 400 mm isohyet, 
passing through Louga in Senegal, Kaédi and the southwest angle of the 
Mauritanian border, Lake Débo, Hombori, and the Mali- Upper Volta-Niger 
border, the south of Tahoua, the south of Lake Chad, and Abéché. 
The Sahelo-Sudanese border: characterized by a dry . tropical 
Sahelo- Sudanese climate with an active grazing period of about three 
months and an annual rainfall ranging from 400 mm in the north to 500-
600 mm in the south. lts southern boundary corresponds approximately to 
the 550 mm isohyet, passing through Dakar, Matam, Nioro du Sahel, Mopti, 
Dori, Niamey, Zinder, and north of Ndjamena. 
According to this classification, therefore, the 100 mm and 600 mm 
isohyets of average annual rainfall demarcate the Sahel, which is bounded 
on the north by a transitional zone to the Sahara, and on the south by a 
transitional zone to the Sudan region, which has more frequent rain . 
I.3 Climate of the Sahel 
As is appa r ent f r om the above definition, climate -- pa r ticula r ly 
rainfall -- plays an important role. 
Rainfall 
The annual rainfall of the West African Sahel is presented in 
Figure I-3. L The numerous definitions of the Sahel locate it bet ween 
Evapotranspiration 
(mm· d-1) 
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Figure I-3.3. Potential evapotranspiration (according to 
Penman) for two Sahelian zones ( from Cochem~ and 
Franquin, 1967). 
Table I - 3.1. 
Temperature 0~ 
Annual ave rage 
Aoril-Oct. avera ee 
August avera g e 
Nov.-March ave rage 
Water Vapour Pr e ssure 
Annual ave rage 
Apri 1-0ct. ave rage 
August ave rage 
Nov . -March ave rage 
Radiation/Photoperiode 
Ratio 
Annual ave r age 
April-Oct. average 
August averap.e 
Nov. - March ave rage 
Some climatological charact eri s tics ( accor ding t o 
Cochem~ and Franquin, 1967) 
North Middle South 
17°N, P•200mm 15°N, P•450mm 13°N, P•700-
29,0 28,0 27,5 
31 ,5 30,0 29,0 
31 ,0 27,0 26,0 
24,0 25,0 26,0 
(mbar) 
12,5 15,0 18,5 
17,5 20,0 23,5 
24,0 25,5 26,5 
77,5 JO,O 12,5 
75 72 67 
75 70 60 
70 58 50 
80 
13°N, with an average rainfall of 600 mm, and 17°N, with 100 mm rainfall. 
The dominant characteristic of this region is that the rains fall in 
summer over a 2-4 rnonth period, with extreme dryness during the rest of 
the year ( see Figure I-3. 2). This cycle is caused by changes in the 
location of the Intertropical Convergence Zone, which follows the 
northward movement of the sun (with a 6-week delay). It is obvious that 
the amount of rain per month during such a brief season is high. Without 
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going into detail, it can be stated that the potential of these wet 
months is not being fully exploited since the necessary conditions are 
not always fulfilled. The agronomie factors are often unsatisfactory; 
materials and manpower are frequently lacking; economie factors are 
sometimes unfavorable. These are all conditions which, if rectified, 
would permit better utilization of the potential of these few wet months 
-- a potential which is actually greater than is thought. 
Evapotranspiration 
The variations in air temperature, water vapour pressure, and the 
radiation/photoperiod ratio (Cochemé and Franquin, 1967), are presented 
in Table I-3.1. The wind speed should be considered constant at 2 m·s-1, 
Values for radiation outside the atmosphere, depending on latitude and 
time of year, can be found in standard tables. These values permit 
calculation of potential evapotranspiration (PET) according to Penman (in 
Cochemé and Franquin, 1967), as indicated in Figure I-3.3. In the 
southern Sahel, PET is 4.2 mm·d- 1 during the growing season; in the north 
it is 5.2 mm·d - 1. 
I.4 Pedology of the Sahel 
Most of the Sahel is situated just north of the pre-Cambrian sub-
stratum of central Africa, and can be considered as a series of large 
depressions (synclines) that have filled up with erosion products from 
the sub-stratum since the pre-Cambrian period. This explains the 
generally flat topography of the Sahel. 
Older sediments are of ten transformed in to rock ( sandstone, for 
example) or, under humid conditions, into laterite. During later 
geological periods with drier conditions, these formations eroded again, 
and sandy, loamy, or clay sediments were deposited. 
The history of the Sahel is so long and complicated that various 
cycles of deposition and erosion have taken place. The last important 
deposit is tertiary, and is known as the Continental ·Terminal. For our 
studies, the upper layer of soil seems to be the most important. The 
deeper layers, which fall within the domain of geology, and are important 
from the point of view of the water table and well and borehole output, 
will not be discussed here. Nevertheless, in view of the impact of geo-
morphology on the present topography and thus on the present hydrography, 
quartenary formations cannot be neglected . 
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The importance of recent geological periods is also illustrated in 
the map (Figure I - 4.1, scale 1:1,000,000) of one part of the Sahel, 
situated in Mali between 13°-17°NL and 4°-9°WL. Three major landscape 
units are distinguishable. This distinction is useful and necessary 
because of significant differences in terms of physical and chemical 
characteristics, texture, soil depth, compactibility, etc. These 
variations, caused by differences in origin and geomorphology, determine 
specific environments, with specific animal husbandry systems, and 
probably different potentials too. 
Figure I-4.2 is a schematic representation of the geomorphology of 
these complexes . 
Sandy Complex 
This complex is comprised of eolian sandy soils, <leep and of ten 
uniform over vast regions dom i nating the northern Sahel . From a 
geomorphological point of view, the different dune forms are important . 
Some dunes are qui te pronounced, while others are heavily eroded and 
almost flat. Their texture may vary (red sand or yellow/white sand). The 
dunes may face in one main direction, like the recent ergs (ENE-WSW), or 
they may have a circular form without any specific orientation . The 
latter case is often referred to as "dune fields". 
The soils in this complex are sandy (S) or loamy sand (L/S), and, 
rarely, sandy loam (S/L). Soils developed on the recent erg have a 
coarser texture than those developed on materials de po si ted la ter. The 
soil surface is often so sandy that infiltration capacity is high and 
runoff is almost absent. 
Erosion by wind and water is limited, except in the northern Sahel, 
where active dunes are found where the vegetation has been consumed or 
destroyed by livestock. The latter case is found around watering places 
and nomad encampments. 
The vegetation on this complex is the most homogeneous of the three 
distinct complexes. 
Detritic Complex on Sandstone or Laterite 
This complex consists of soils developed on sandstone or laterite. 
They may be <leep, but very rarely are. There are of ten bare s t retches 
with sandstone or hard laterite (hardpan) on the surface . Most of the 
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soils are loamy (L), but very heterogeneous, sometimes showing heavy 
runoff. This is reflected in the vegetation, which is often irregular, 
composed of dense thickets and bare stretches. The well-known "tiger 
bush" (still poorly understood, Leprun, 1979) is part of this complex. 
Another feature of this soil is that spotwise water collects and 
stagnates, forming temporary pools or flood-plains. Often natural 
drainage allows water to flow off in wadis. 
Sometimes there is serious erosion, especially by water. Regions of 
this type are found in the Sahel, but are predominant in the savanna zone 
to the south. The landscape of these Sahelian regions of ten slopes 
slightly in one main direction. Part of the Sahelian livestock is found 
in the savanna during the dry season. 
Figure I-4.2 shows a relatively flat plateau, with local runoff and 
run on. Large quantities of water can infiltrate at the collection 
points, contributing to growth of trees or feeding reservoirs, which in 
turn feed watering places at the base of the plateau. The soil is mainly 
loamy (L). On the slope, called a glacis, strong runoff erodes and 
denudes the bedrock. At the foot of the glacis is a depression in the 
form of a pool, a flood-plain, or a wadi. The soils on the glacis are 
very heterogeneous in the downstream portion , where clay (C) soils and 
vertisols (V), of ten hydromorphic, are formed. This complex is of ten 
bounded by the sandy complex. In the transitional zone, sand covers the 
clay of the depression, or is mixed wi th eolian sand, but subsequent 
erosion denudes this complex once more so that it then belongs to the 
third complex. 
Fluviatile or lacustrine complex 
This complex consists of soils with recently-formed or fossil 
fluviatile or lacustrine sediments. The deeper layers are clay loam 
(C/L), but these are often covered by a layer of eolian sandy loam. In 
this complex too the soils may be heterogeneous , with fluviatile 
deposits, but the most important soils consist of a layer of sandy loam 
(S/L) of variable depth . The landscape is generally flat, but the eolian 
dunes slope (between 1% and 3%) in various directions. This complex has 
no natural drainage, so runoff water from the loamy slopes collects into 
flood-plains or temporary ponds. This complex of ten receives run off 
water from the detritic complex. 
The current Central Delta of the Niger is part of this complex. As 
far as the soil is concerned, there is not much difference between the 
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present and the fossil Delta, but the water regime is obviously very 
different. There is also a large difference in fertility. Recent soils 
may be rich, while fossil soils are impoverished. The Cent ral Delta, 
unique to the Sahel, has for Sahelian livestock a similar role as the 
savanna, providing water a nd vegetation during the dry season. Such 
flood-plains exist also in Senegal, Niger, Chad, and the Sudan, and two-
thirds of the Sahel livestock stay there during the dry season (CIPEA, 
1979) . The Delta is superior to the savanna in terms of soil fertility. 
The soils of this complex are qui te diverse, varying from sand to 
clay. The Niono Ranch is located in this complex . Most of the PPS project 
ex pe r iments we r e ca rr ied out on s o i ls of this complex. 
The proportions o f the three comp l e xes i n Mali and i n t he Sahe l can 
be estimated only roughly: 
Sandy complex 
Detritic complex 
Fluviatile or Lacustrine complex 
I.5 Vegetation of the Sahel 
Mali Sahel 
40% 
30% 
30% 
50% 
30% 
20% 
The Sahel is a region of steppes with thorny species. The term 
"steppe" is applied here to "open grass vegetation, sometimes mixed with 
woody species, and generally not subject to fires. There are widely 
spaced perennial grasses, usually not reaching 80 cm. Annuals are often 
abundant . " Thus the steppe is a vegetation consisting essentially of 
small, annual herbs (mainly grasses), interspersed with some perennial 
grasses and woody species. The cover of the herbaceous stratum is small: 
the formation is open. The xerophytic (adaptation to dryness) nature of 
the Gramineae is quite marked: narrow basilar leaves, rolled or folded. 
In the typical Sahel and the northern Sahel, the trees are mainly of the 
thorny Acacia type -- plants in which certain organs have been trans-
formed into thorns. The steppe exists in several forms: with trees and/or 
bushes, and with herbs and/or grasses only (see Figure I-5.1, a and b). 
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a 
b 
Figure 1- 5.1. Different types of steppe (Trochain, 1957). 
a . Steppe having trees and / or bushes 
b. Steppe having herbe and/or grseaee only 
The tree- and bush-covered steppe consists of a herbaceous 
vegatation interspersed with trees and shrubs , which are nearly absent on 
t he herbaceous type of steppe. In the Sahel one finds in fact only small 
trees, bushes, and shrub- like trees. The trees are low, stunted, and 
twisted. Tree height and density diminish from south to north. In the 
typical Sahel, the cover of the ligneous stratum generally does not 
exceed 5%, except in the depressions where quite dense thickets may be 
found. 
The spatial distribution of the vegetation is, however, extremely 
heterogeneous, heterogeneity being associated with the type of soil and 
the topography. These factors act indirectly in modifying the 
distribution of water, and therefo r e its availability . As stated 
previously, topographically the Sahel is a succession of sand dunes and 
loamy clay depressions, separated by slight slopes and sandy or loamy 
pe nepla i ns. The vege t at ion v a ries a s a function of the s e varia tions. 
Both the sand dunes , with good infiltration but low wate r holding 
capacity , and the slopes -- where runoff is considerable -- have an open 
vegetation. The ligneous stratum is less developed, while the he r baceous 
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Figure I-5.2. Vegetation zones of Mali (according to "Map of 
African Vegetation South of the Tropie of 
Cancer", UNESCO, 1959; Diarra, 1971) . 
1. Clear forest 
2. Wooded savanna 
3. Herbaceous savanna 
4. Wooded steppes with an abondance of Acacia 
(Sahel) 
5. Sub-desert steppes 
6. Desert (Sahara region) 
7. Flood zone 
stratum on sand can be considerable. The herb layer consists mainly of 
annual grasses. The woody species sometimes form dense populations in the 
depressions; here the importance of the herb layer is inversely 
proportional to the development of woody plants, and perennial grasses 
are present. 
The slopes separating summits and depressions are usually made up of 
compact and impermeable loamy soils. Since these soils inhibit plant 
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a 
b 
c 
P.igure 1-S.3. Different types of savanne (Trochain, 1957). 
a. Wooded savanna 
b. Savanne with occasional trees 
c. Bushy savanna 
d. Herbaceoua aavanna 
establishment, the vegetation is restricted to the dunes and the 
depressions, separated by bare strips. This arrangement, repeated 
over and over, is termed "tiger bush" by some authors. 
The Sahel is crossed by great rivers, notably the Niger and the 
Senegal. In the rainy season, these rivers overflow and large areas 
are flooded. In these flood zones, aquatic rangelands develop, the 
most striking of which is the central Delta of the Niger (see map of 
Figure I-5.2). 
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Southwards, in the Sudano-Sahelian and Sudanese zones, savanna 
replaces the steppe. Savanna is a "vegetation comprised of a continuous 
he r bacious layer at least 80 cm high, which affects a lower stratum; 
grasses having flat, basilar, cauline leaves; usually burnt yearly; woody 
plants usually present." Annual rainfall in the Sudano- Sahelian zone is 
between 400 and 600 mm, whereas in the Sudan zone 600 to 1000 mm is 
usual . The dry season lasts 7- 8 months . The production of the generally 
impo r tant he r b layer increas e s with inc r easing rainfall . As one proceeds 
southwards, the trees becorne increasingly tall and their cover denser. 
The abundant g rass c over leads to annual bush f ires which destroy the 
herb layer, reducing the number of seeds and modify i ng t h e ha bit of 
trees . There, as in the typical Sahel, the alternation of a dry and a wet 
season leads to a marked periodicity of vegetation: the period of plant 
activity is confined to t h e rainy season. 
The savanna exists in a number of variants (see Figure I - 5 . 3) : 
wooded savanna 
savanna with trees 
bushy savanna 
herbaceous savanna 
considerable cover of trees and bushes; 
trees and bushes scattered through the 
herbs; 
bushes scattered through the herbs; 
herbaceous vegetation without trees or 
bushes. 
The savanna is essentially the domain of high, perennial grasses 
with scattered trees and bushes. 
The aquatic rangelands of the great rivers, as well as the Sudanese 
savannas with their reserves of forage and water, are important elements 
in the transhumance anirnal husbandry system. In this system, the herds 
move between two poles, the Sahel in the rainy season and the flood areas 
and savannas in the d r y s eason . 
I.6 Animal husbandry systems in the Sahel 
There are three main forms of anirnal husbandry in the Sahel: 
1. Nomadic animal husbandry, in which the herdsmen with their herds 
of zebus, sheep, goats, and camels spend the entire year in the northern 
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Sahel and the Sahara. The nomads wander constantly from place to place, 
seeking food and watering places for their herds. 
2. Transhumance animal husbandry, in which the herdsmen take their 
flocks of zebus and small ruminants to the rangelands in the northern 
Sahel during the rainy season, and bring them back to the rangelands in 
the southern Sahel and the savanna towards the dry season. 
3. Sedentary animal husbandry, particularly in the southern Sahel 
and the savanna, in which the ze bus, sheep, and goats graze in the 
vicinity of the villages throughout the year. 
These different animal husbandry systems can be practised in various 
combinations , according to the possibilities and restrictions of the 
local situation. 
1. Nomadic Animal Husbandry 
Up to the present time, animal husbandry has been the most 
productive use of the semi- arid zones bordering the deserts of the world. 
Rainfall in these zones is insufficient for agriculture, but livestock 
can convert the vegetation into milk, meat, and hides. 
The vegetation density of the semi-arid and arid rangelands is low, 
and the variation in forage supply and quality is enormous. These great 
fluctuations, together with a periodic lack of drinking water for the 
livestock, due to the low rainfall, force the herdsmen to wander 
continuously with their herds of camels, ze bus, goats, and sheep. The 
diversity of animal species provides a variety of animal products, 
permits maximum exploitation of the sparse vegetation, and limits the 
risk of herd devastation by unforeseen factors. 
The nomad lives with and from his livestock. Cows and goats are of 
prime importance because they yield milk, the basic staple of all meals. 
Goats and short-haired sheep are slaughtered for meat, whereas long-
haired sheep are kept for wool ( clothes, blankets, tents). Donkeys, 
camels, and oxen are used for transport, providing the mobility 
indispensable to nomadic families. Since nomads buy little from outside, 
and rarely sell milk or animals, they are able to live in semi-arid and 
arid regions with almost no outside support. Nomadic life is entirely 
dependent on livestock. Nomadic breeders and their herds are 5-10 times 
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less numerous than those who engage in the other two animal husbandry 
systems. Therefore, their contribution to the national meat market is 
small. 
2. Transhumance Animal Husbandry 
This animal husbandry system is very important in the Sahel. In the 
Sahel as a whole there are large herds of large and small ruminants, for 
the most part comprising zebus, sheep, and goats. They graze in the 
northern Sahel during the rainy season, and in the rangelands of the 
southern Sahel and in the savanna in the dry season. At the beginning of 
the rainy season, the herdsmen migrate with their herds towards the new 
pas tures, covered by annual herbs and grasses, in the northern Sahel. 
This is the best time for the animals, who feed on good quality pasture 
for two or three months. They cannot remain there longer, as the drinking 
water evaporates quickly after the rain stops. Since the available forage 
is only partially consumed, the lack of drinking water protects the 
northern Sahel from overgrazing. After the rains, the herdsmen are forced 
to seek areas with higher rainfall, or they migrate to rivers or lakes 
where water is available throughout the dry period. Here, their range is 
limited by sleeping sickness, prevalent in savannas and forests, and by 
the increasing occupation of the land by farmers. For these reasons, the 
livestock is restricted to a small area during the long dry period, as 
compared with the land at their disposal during the rainy season. 
Moveover, in this area, the mat ure grasses are gene rally of inferior 
quality, while the regrowth of perennial grasses after fires, being of 
good quality, is small in quantity. The consequences of this situation 
are negligible animal production, weight loss, or even death of animals. 
Inferior nourishment is also reflected in herd composition. The animals 
mature at a later age; cows do not calve until their fourth or fifth 
year, their fecundity is mediocre and calf mortality is high. The 
combination of these factors leads to mediocre animal productivity, 
estimated at approximately 12%•yr-l, or 13 kg of meat per animal per 
year. (SEDES, 1972 and 1975). A considerable portion of meat exports from 
Sahelian countries comes from this animal husbandry sector. 
3. Sedentary Animal Husbandry 
Towards the northern edge of the savanna, more arable farming is 
practiced. Generally speaking, millet is cultivated south of the mid -
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Table 1-7.1. Relative importance (%) of the Sahelian zone in 
the six Sahelian countries (FAO es timate, 1976). 
: Mauri.tani.a Niger Mali. Chad Senegal 
Upper 
Volta 
Surf ace 
Saharan zone 77 65 50 50 
3aheli.an zone 23 30 25 21 37 13 
Sudano- Gui.nean 
zone 5 25 29 63 87 
Popula t i.on 
Saheli.an zone 79 53 36 29 18 5 
Rest of country 21 47 64 71 82 95 
Livestock 
Sahelian zone: 
Ca ttle 90 78 68 62 45 22 
Goats 60 62 84 52 58 20 
Rest of coun try· 
Cattle JO 22 32 38 55 78 
Goats 40 38 16 48 42 80 
Sahel (400 mm), peanuts, niébé , and sorghum in the southern Sahel 
( 500 mm), and cot ton in the savannas (> 800 mm) . The development of 
arable farming promotes sedentary animal husbandry. The village animals 
graze the areas around the fields, and small-scale transhumance (a few 
days) is practised. Plant remnants remaining in the fields after harvest 
as well as weeds are left for the animals. In regions near irrigated 
areas, rice stubble is grazed as well. The farmers keep zebus for milk to 
be marketed, and cattle as draught animals. Many sheep and goats are kept 
as well, of which a considerable number is eaten at home during feast 
days. 
Heavily overgrazed areas some 10 km in diameter are not uncommon 
around the villages, and several square kilometres of completely degraded 
land may be encountered near villages and permanent wells. There is a 
large manure supply which fertilizes the soils around the livestock pens, 
but the surface area is .very limited. 
I.7 The importance of animal husbandry for Sahelian countries 
The Sahel, as an ecological zone, is located within the borders of 
the following countries: Senegal, Mauritania, Mali, Upper Volta, Niger, 
and Chad. From a geographical point of view , these countries have some 
similarities, e . g., four of the six are at a great distance from seaports 
and are isolated due to this fact: 
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Figure I-7.l. Development of the number of cattle in the 
Sahelian countriee. The recent drought was from 
1969-1973. 
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The closest ports to Bamako are Conakry (966 km), Abidjan (1086 km), 
and Dakar (1272 km). Only Senegal has a seaport that functions well. This 
isolation also exists among the Sahelian countries themselves. Any 
orientation of one Sahelian country to another tends to be unilateral. 
Mali, for example, is oriented principally toward the Ivory Coast and 
Senegal . 
Al though all six are underdeveloped countries wi th largely rural 
populations , there are great differences amongst them with res pect to the 
relative importance of the Sahelian zone in each country (cf. Table I - 7.1.) 
Based on the division into three ecological zones, the six countries 
can be roughly grouped into three types: 
- two Sahara-Sahelian countries: Mauritania and Niger , for which the 
Sahel is really "the beach": a useful border that profits from the 
Senegal and Niger Rivers; 
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Figure I - 7 . 2. Development of the number of small ruminants in 
the Sahelian countries. The recent drought wss 
from 1969-1973. 
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Table 1- 7.2. Livestock of Sahelian countries before and after 
the drought, expres eed in 1000 heads. 
1970 1974 7. of losses 
(1970-1974) 
Cattle Goats Cattle Goats Cattle Goats 
Gambia 250 1 71 250 160 6 
Upp er Volta 2 .500 4.000 2.300 3.750 8 6 
Mali 5.350 11. 450 3. 700 9.200 31 18 
Maurit ania 2.560 6.850 1 .500 6.200 4J 9 
Niger 4 . 100 8 . 500 2.500 7. 600 39 JO 
Senegal 2.600 3.000 2.350 2. 750 JO 8 
Chad 4 . 500 5. 500 3.000 5. 000 33 JO 
Total 21 .860 39.27J J5 . 600 34 . 660 29 J 2 
- t wo Sahara-Sahelian and Sudanese countries: Mali and Chad, f or 
which the Sahel is an animal husbandry region of great potential , due t o 
t he wa ter supplied by the Niger and the Chari. Moreover, they profit from 
their l arge Sudanese reg i on; 
- two Sahelo- Sudanese count ries: Senega l and Uppe r Volta , where the 
Sahelian zone is mainly an animal husbandry region . (FAO, 1976) . 
Niger, Mali, and Upper Volta provide a relatively large part of the 
Sahelian exports, given the relatively small Sahelian zone they cover. 
For Mauritania, export of Saharan minerals has become more important in 
recent years than that of Sahelian livestock. Thus the Sahelian countries 
are distinctly different ecologically and economically. The possibilities 
of developing agricultural, animal husbandry, and fisheries resources are 
also heavily influenced by the above differences. 
The size of the Sahelian herds increased for several decades 
(Figures I-7 .1 and I-7. 2). Population growth and improved veterinary 
measures induced this development. Although productivity per animal is 
low, the total productivity of the herds has nevertheless increased by 
2% - 4%•yr- l. This considerable growth has involved in particular 
sedentary and transhumance animal husbandry . 
In 1970 and 1971, the increase carne to an abr upt hal t , and there 
we r e enormous loss es (Figures I - 7 . 1 and I - 7. 2, and Table I - 7. 2). Afte r 
1974-1975, the large-animal herds began to grow again, and the small-
ruminant herds grew even faster. The cause of the losses is well known: 
drought . During the years 1970-1974, a lack of watering places 
concentrated the animals into smaller surface areas than previously, and 
primary productivity in these zones was reduced. Losses of 10% - 50% of 
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Table I-8.1. Primary production of herbs and grasses in 
kg'ha-1 , measured at the end of the growing 
season at Fêtê Olê, Senegal, for seven auccessive 
years (Bille, 1977). 
Year Rainfall Group A Group B Group C 
1969 approx. 450 mm 980 2600 4100 
1970 209 670 1800 3600 
1971 202 590 1810 3060 
197 2 33 0 100 250 
1973 209 100 800 2300 
1974 316 810 2270 3280 
1975 311 860 2360 3730 
Group A: Surnmits and slopes of dunes 
Group B: Under trees and bushes 
Group C: Depressions 
lt is estimated that group A occupies 90% of the surf ace 
area, group B 7%, and group C 3%. 
The average annual rainf all at Fêtê Olê is estimated at 
300 mm on the basis of data from neighbouring veather ststiona. 
Average 
1187 
837 
750 
15 
153 
986 
1051 
the herds were inevitable. Apparently, the maximum carrying capacity of 
the rangelands was exceeded. For this reason, a similar situation may be 
expected after a few years of herd growth. 
I.8 Annual rainfall and forage production 
a. Primary production and annual rainfall. 
Primary production of the natural rangelands is the basis of animal 
husbandry in the Sahelian countries. For planning purposes, an initial 
estimate of this production is necessary, chiefly because production is 
quite variable from year to year, and from one place to the next. Bille 
(1977) measured the primary production for seven successive years (1969-
1975). The results demonstrate this variability in space and time (Table 
1-8.1). 
The table also indicates that rainfall is a determinant factor in 
this variability. The relationship between mean annual rainfall and 
primary production (= plant production) has been subject of several 
studies: for example, Le Houerou and Hoste (1977) and Breman (1975) have 
described this relationship in equations by which primary production can 
be calculated as a func tion of rainfall. 
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Figure I-8.1. Relation between primary production and mean 
annual rainfall. 
Le Houerou and Hoste found that south of the Sahara, between an 
annual rainfall of 100 mm and 1000 nnn, every 100 mm of rain corresponds 
to an increase in production of 260 kg of dry matter per hectare above an 
initial level of 360 kg dry matter per hectare at 100 mm of rainfall: 
Pyr (260 x 100 ) + 360 (Ll) 
Pp primary production (in kg•ha-1) 
Pyr mean annual rainfall (in mm) 
Breman (1975) calculated the primary production for Mali by means of the 
following equation: 
pp (0.9 x Pyr) + 720 (100 mm < Pyr < 400 mm) (L 2) 
pp (2.4 x Pyr) + 150 (400 mm < Pyr < 1500 mm) 
It is obvious that equations (1.1) and (1.2) yield different 
results, as can be seen in Figure I-8 .1. This figure also shows that 
measured production (Diarra, 1976) can be very different from calculated 
production, even if in the equations actual rather than mean annual 
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Figure 1- 8.2. Relation between quality and quanti ty of forage 
intake by a ruminant and secondary production . 
(DMI • dr y matte r intake). 
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ra inf a ll is used . Diarra's results are the averages of several 
observations, which means that the deviations in individual observations 
are still greater . The relationship between rainfall and primary 
production, as e x pressed in the equations, only se r ves as an 
approximation. It cannot be used for improved management of rangelands. 
It is therefore necessary to increase our understanding of the basic 
processes (such as photosynthesis; transpiration, respiration, etc.) that 
determine actual growth rates. The rate of these processes is determined 
by the availability of water, nitrogen, and minerals, and by radiation, 
temperature, air humidity, plant characteristics, etc. 
b . Primary production as forage for livestock 
To i mp r ove planni ng f o r a nimal husbandr y, an estimation of the 
amount of primary pr oduction alone is insufficie nt , since livestock can 
consume only a port ion of it . Another important factor is the forage 
quality. The relationships between the quality and quantity of forage 
consumed by a rUI!linant and secondary production are summarized in Figure 
1- 8.2. To demonstrate the importance of quality, a brief explanation 
fellows. 
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If the forage on offer is sufficient, a ruminant's intake depends on 
its rumen capacity. Firstly, this capacity depends on the empty space in 
the rumen: if the rumen is full , the a nimal will not continue to eat. 
Further, it depends on the r ate of passage of the food through the 
digestive sys t em : the fa ster the rate, the more the animal can ingest . 
The rate of passage of food depends on the activity of microbial flora, 
which in turn is strongly influenced by the forage qual i ty . 
Finally, a quantity of food (in terms of glucose, proteins, lipids, 
vitamins, minerals, etc . ) is i ngested by an animal per unit of time. The 
animal requires certain quantities of these elements for maintenance. If 
t he quantity i ngested exceeds this requirement, meat and milk can be 
produced; if it is less, the animal must live on its reserves and will 
lose weight. 
Obviously, the amount of forage on offer determines whether the 
quantity of forage that can be ingested, given its quality , is actually 
ingested. 
Forage quality is expressed as forage value, and depends on two 
essential elements: energy content and nitrogen content . 
The energy content of forage is expressed in forage units (UF) . * One 
UF is equivalent to 1 kg of barley grain, producing 1883 calories in 
ruminants . Thus, if the energy content of a forage is 0.5 UF, an animal 
can obtain from 1 kg of DM, O. 5 x 1883 = 941. 5 calories of energy . 
This energy content depends on the digestibility of the organic 
matter, which in turn is determined by its crude fibre content. The 
higher the crude fibre content, the lower the digestibility and 
consequently the forage value . 
Tabulated values for energy content are available as a function of 
ash and crude fibre content. Such tables can be found in the manuals of 
Boudet (1975) a nd Rivière (1978) , and in the "Mémento de l'Agronome " 
(1980) . 
*UF is the abbreviation for ''Unité fourragère" in the French system. 
The starch equivalent (SE) in the English system is comparable but its 
definition differs: The energy content is expressed as the fat - producing 
ability of a forage relative to the fat - producing ability of a unit of 
starch. 
Weight Gain 
(g . d-1) 
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Figure I-8 . 3. Weight gain of a TLU in r elation to the ene rgy 
content (UF) and nitrogen content (DCP) of a 
forag e . 
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The nitrogen content of forage is characterized by the digestible 
crude protein (DCP) content . This DCP is always proportional to the crude 
protein (CP) content. The CP of a forage is the percentage of nitrogen 
(% N), multiplied by 6.25. 
Digestible crude protein (DCP) of forage can be estimated using 
Demarquilly's equation (cited by Boudet, 1978) : 
DCP = 9.29 (6.25 x % N) - 35.2 
Thus, if a forage contains 1% of N, the DCP is equal to : 
9 . 29 (6 . 25 x 1.0) - 35 .2 = 22. 9 g •kg- 1 DM. 
When applying the a bove equation, it becomes evident t ha t at a N 
concentration below or equal to 0.6% , the r e is no DCP . 
The value of a pasture as forage must be compared to livestock 
requirements, since fulfillment of these determines secondary production 
(see Figure I - 8.2). For example, to maintain a TLU (= Tropical Livestock 
Unit, a tropical bovine of 250 kg liveweight), forage with an energy 
content of 0.45 UF and a nitrogen content of 25 g DCP •kg- 1 DM is 
required. In this case, the animal eats 6. 25 kg of DM·d-1. If the forage 
value is higher, the animal can gain weight (see Figure I - 8.3); if it is 
lower, the animal loses weight . 
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Figure I - 8 . 4. Tiie average biomass quality (UF and DCP) during 
t he co urse of a year for two t ypes of rangeland. 
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Figure I-8.4 shows the mean quality of biomass (UF and DCP) in the 
course of the year for two types of rangeland. It appears that during the 
dry season, the mean value of diges tible crude pro te in content of the 
pastures is insufficient for animal maintenance, even if the quantity of 
available forage is high . Fortunately, a portion of the biomass on offer 
is of bet ter quality, and the herdsmen and their animals select this 
po r t i on . 
I t i s evident t ha t a planning bas ed on the r ela tion betwee n mean 
annual rainfall and mean primary production is inadequate . For this 
r ea son , PPS has studied the pr ocesse s of plant growth i n re l a t i on t o t he 
environment, in the hope that a better understanding of these processes 
will contribute to a more accurate estimation of quality and quantity of 
primary production quality, particularly with regard to nitrogen content. 
In the following chapters, we will discuss the results of our 
research. At t he end , we wi ll return to t he re l ation between primary a nd 
secondary production . 
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II. CROP PHYSIOLOGY 
II.l Introduction 
We will discuss the physiology of plant growth (either for rangeland 
or for sown crops), especially from the point of view of dry matter 
production and its quality. 
Before discussing the relevant processes in detail, it seems 
worthwhile to present an overall scheme of a plant's exchange processes 
(Figure II-1 . 1) . 
All living organisms require energy for maintenance and growth; 
animals and plants use glucose (sugar) as an energy source. 
The basic difference between animals and plants is that animals must 
be supplied with glucose, while plants can produce it themselves, using 
light and C02. This glucose product ion process in plants is cal led 
photosynthesis. The chemical reaction is the following: 
light energy 
6 ! C02 + 6H20 - C6Hl206 + 602 
Photosynthesis takes place in the chloroplasts (the green particles) 
of the leaf cells. These chloroplasts absorb light, and simul taneously 
C02 from the air enters the leaves through the stomata. Glucose (C6H1206) 
is then transported through the plant: to sterns, roots, and seeds (see 
Figure II-1.2). Glucose is essential for two important processes in the 
plant: 
1. Glucose is consumed in respiration; C02, H20, and chemical energy 
are liberated . 
C6H1206 + 602---+6C02 + 6H20 + chemical energy 
The chemical energy is used for forming new cells (growth) and 
maintainance of plant tissue. 
2. Glucose is the basic substance for synthesis of proteins (amino 
acid chains), lipids (fatty acid chains), and cellulose (a chain of 
glucose molecules). The structural formulae of the constituent molecules 
are shown in Figure II-1.3. 
Living plants mainly consist of water, which constitutes 60%- 70% of 
their fresh weight. Wáter is found inside and between all plant cells, 
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Pig ure 11-1.1. Overall acheme of the pl ant exchange proceaaea. 
which means tha t it i s expo s ed t o the atmosphere and may evapo r ate . The 
plant is protected against water loss (and dehydration) by its cuticle, 
the surface film of cutine found on young sterns and leaves. On the other 
hand, as stated before, COz must enter the leaves for photosynthesis. For 
this purpose there are small openings in the surf ace of the leaves: 
stomata. Generally, stomata are open during the day and closed at night. 
COz enters when the stomata are open. Simultaneously, water covering the 
surface cells in the stomatal cavity is exposed to the atmosphere and 
evaporates: this is the process of transpiration (see Figure II-1.2). In 
other words, the plant uses water when it grows; its roots absorb water 
from the soil. When the soil is dry, the stomata close. 
In Chapter II, processes such as photosynthesis, transpiration, 
growth, and particularly their rate and the factors influencing these 
processes will be discussed . There is a simple model in the exercise book 
(Volume II ) for calculat i ng t he pr oduction of a sown e r op or a natur al 
pasture under optimal conditions (with i r rigation and f ertilization) . 
For gr owth , t he plan t r equi r e s wate r, which its r oots abso r b f r om 
the soil. Obviously availability of water in the soil is vital for 
growth. Rainfall per sé, does not indicate the amount of water available 
for growth. 
There are many factors that cause water loss and determine the 
amount available in the soil. Rainfall, infiltration, runoff, 
evaporation, and the r elation of these factors to soil types will be 
cuticla 
leaf 
cells 
vascular 
bundle 
laaf 
cells 
cuticla 
stoma tal 
cavity 
stomata 
38 
Figure 11-1.2. Croes-eection of a leaf; exchange proceeaea 
are indicated. 
discussed in Chapter III. In the exercise book (Volume II), a simple 
model is given for computing the water balance. This model, combined with 
the growth model, permits calculation of growth of a natural pasture 
(fertilized, but not irrigated). 
In addition to water and glucose the plant requires other elements 
for growth. In order to synthesize proteins, for example, it needs amino 
acids. Apart from carbon (C), amino acids are composed of hydrogen (H), 
oxygen (O), nitrogen (N) (see Figure II-1.3), and sometimes sulphur (S). 
The plant requires phosphoric acids to form its cell nucleus. 
Phosphorus (P) is found in the energy carrier (ATP) as well. 
For optimum growth, the plant requires other elements in addition to 
those mentioned above (P, S, and N). These are potassium (K), calcium 
(Ca), magnesium (Mg), and iron (Fe). These elements (N, P, S, K, Ca, Mg, 
and Fe) are called macro- elements. The micro- elements (Mn, B, Zn, Cu, and 
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Mo) are also necessary for opt imum growth, but only in small quantities. 
1'hey are of ten present in sufficient amounts in the seeds. Ni trog en and 
minerals are present in the soil, and are absorbed by the roots (nitrogen 
mainly in the form of NO ; see Figure II-1.1). 
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The quantities of minerals and nitrogen in the soil and their 
availability to the plant determine the growth rate: for example, lack of 
nitrogen inhibits new leaf format ion and consequently, the growth rate 
will be l ower. 
Soil fertility (nitrogen, minerals, and particularly phosphorus) 
will be discussed in Chapter IV. Estimation of the availability of the 
nutrient elements permits calculation of the production of a pasture 
which is neither fertilized nor irrigated . 
The plant in Figure II-1.1 is a hypothetical one, but many plant 
species exist in the Sahel. They differ from one to another by such 
features as germination rate, cycle length, competitive power, etc. 
These characteristics may influence the primary production of a 
pasture, which means that species composition and community dynamics are 
important as well. Species composition may be affected by bush fires and 
level of exploitation. 
Characteristics of species and effects of exploitation, bush fires, 
etc., are discussed in Chapter V. Chapters II to V, taken together, will 
permit estimation of actual production. 
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II.2 Biomass production 
The growth rate (in kg DM·d- l.plant-1 ) is variable, i.e. , the in-
crease in plant biomass is not the same each day during it s development. 
In Figure II-2.1, the increase in plant biomass during the pe r iod from 
germination to maturation is illustrated . Three phases can be distin-
guished during this growth period: 
1. The exponen.tial growth phase , during which the g r owth ra te 
increases daily (A). 
2. The linear growth phase, during which the growth rate remains 
constant (B). 
3. The decreasing growth phase, during which the growth rate 
decreases daily, and finally stops entirely (C). 
The growth rate depends on the rate of photosynthesis, the 
maintenance requirements, and the efficiency of glucose conversion. 
The rate of photosynthesis depends, inter alia, on the amount of 
light intercepted; this increases as the total - 1eaf area increases. 
Therefore a plant having two leaves produces more glucose than a plant 
which has only one. 
First of all, a portion of the photosynthetic product (glucose) is 
used to supply the energy necessary to maintain existing cells. About a 
fifth of the photosynthetic production is utilized in this process, but 
this fraction depends largely on temperature. The amount of sugars used 
to maintain plants at 25°C is estimated by multiplying the weight of the 
plants by O. Ol5 · d- l. This amount must be multiplied by 2 for each l0°C 
increase in the mean temperature. 
The rest of the photosynthetic product is used as substrate for the 
synthesis of biomass, i.e., growth . The biomass is composed mainly of 
carbohydrates (40%- 70% of dry weight), proteins (10%-2 5%) , and Üpids 
(3%-25%); minerals (5%- 10%), lignin (about 10%), and organic acids (2%-
5%) are less abundant. The formation of structural carbohydrates from 
glucose has a higher yield efficiency than that of proteins and lipids 
(Penning de Vries et al., 1981): 
1 g glucose ----+ 0.83 g carbohydrates (polysaccharides: cellulose, 
starch) 
germination: 
leaves 
roots 
vegetative growth: 
leaves 
roots 
sterns 
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1 g glucose - O. 62 g proteins 
1 g glucose -----+ 0 .33 g lipids and oils 
Thus it is clear that under optimum conditions, when available energy 
limits growth, the chemical composition of the biomass formed largely 
determines the efficiency of the growth process. The efficiency of 
substrate conversion into biomass is approximately 0.8 for corn and rice, 
but only 0.5 for peanuts. 
The yield efficiency of the different chemical constituents are 
independent of temperature and are identical for all plant species. In 
contrast, the biomass composition is not identical for all species: 
particularly during the reproductive phase there are great differences in 
composition (Penning de Vries et a l . , 1981) . 
The COz released in growth and maintenance processes is considered 
to be respiration. It is not necessary to deal with respiration 
separately, as it can be considered a secondary phenomenon. The different 
growth rates during the three developmental phases are caused by changes 
in the rate of photosynthesis, the maintenance requirements, and the 
efficiency of glucose conversion. 
A. Exponential Growth 
After germination, the first leaves begin photosynthesis. The 
photosynthetic product is nearly all invested in the formation of new 
leaves, roots, and sterns, because the maintenance requirement of a 
seedling is low. This means that growth depends almost entirely on the 
rate of photosynthesis, which is determined by the amount of intercepted 
light. Thus, as leaf area (and intercepted light) increases through 
formation of new leaves, photosynthesis increases. 
Phase A is thus characterized by an increasing rate of dry matter 
accumulation. 
B. Linear Growth 
After a certain point, expansion of the plant's leaf area no longer 
increases photosynthesis, because part of this area becomes ineffective. 
The lower leaves are shaded by new ones, thus impeding their photo-
synthetic rate. 
Maintenance requirements increase as the plant biomass grows; photo-
synthetic product is invested more and more in maintenance of the plant, 
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Figure 11-2.2. Distribution of growth among plant organs during 
its development. The development stage 0.0 
corresponds to germinat i on, 0.8 to flowering, 
and 1.0 to maturity. The general form of the 
curves is applicable to grasses and cereala; the 
actual values have been determined at the Ranch 
for Diheteropogon hagerupii and Schoenefeldia 
gracilis. 
becoming less available for expansion of the leaf area. During this phase 
(B), the growth rate remains constant: the biomass of the plant increases 
daily by a fixed quantity of dry matter. 
C. Decreasing Grow~h 
As time goes by the plant moves from the vegetative phase into the 
reproductive phase. Photosynthetic products are increasingly invested in 
organs that do not contribute to photosynthesis: the flowers and the 
seeds. The result is that leaf area expansion stops. Moreover, the 
existing leaves senesce, resulting in decreased photosynthetic capacity. 
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Figure 11- 2.3. Biomaee production of a eown erop or paeture. 
All this leads to a decreasing growth rate, until growth stops at 
maturity. The rate of dry matter accumulation decreases daily during this 
period. 
During the development of a plant, the distribution of the 
photosynthetic product among its organs is important. If organ growth is 
expressed as a function of the growth of the entire plant, a graph like 
that in Figure II-2.2 is obtained. 
The development stage is defined as the fraction of the period 
between germination and maturity already passed. The rate of development 
is approximately 0.01 per day for cereals, and is modified by the 
temperature and photoperiod at that time. 
The development of the biomass of a sown erop or pasture is 
basically similar to that of a single plant : the curve has the same shape 
(see Figure II-2.3). The biomass is expressed he re in kg of dry matter 
per hectare, and the growth rate in kg of dry matter per hectare per day. 
In this case there are also three phases, but the transition from 
phase A to B is under optimal conditions determined by the leaf area per 
light 
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100 °lo 
:t 90 °lo 
1,0 
~rr 
~ 
1,5 
45 
2.0 3,0 
Figure II-2.4. Photosynthesis of s sown erop or paeture in 
reletion to the LAI. 
4,0 L.A.I. 
soil surface, which is expressed as the LAl (leaf area index). This index 
i s defined as follows : 
leaf ar ea in m2 
LAl = --------
soil surface in m2 
Photosynthesis of a vegetative cover increases when the LAl 
increases (phase A). The photosynthesis of this vegetation becomes almost 
maximum when the soil is completely covered and light interception is 
(almost) complete (see Figure 11-2.4). At this point there is a transi-
tion from exponential growth to linear growth . 
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This transition occurs when the LAI is approximately 1.5. The light 
intercepted by a plant community can be easily determined by using a Kipp 
solarimeter or light meter of a camera. 
II.3a Photosynthesis rate 
The rate of photosynthesis is defined as the quantity of glucose 
(for example, in kg) synthesized per unit of time (for example, one day) 
per unit area (for example, one hectare). 
It has been stated that water, nitrogen, and minerals in sufficient 
quantity are indispensable for optimum growth. In other words, lack of 
water, nitrogen or minerals directly or indirectly decreases the rate of 
photosynthesis. When we wish to determine the effect of climatic factors 
on the photosynthesis and to study the physiological processes, the 
influences of lack of water, nitrogen, or minerals must be eliminated. 
This may be achieved by irrigation and fertilization, because then we are 
measuring the photosynthesis rate under optimal conditions, determined 
only by climatic factors and the physiological characteristics of the 
species. 
In the above definition the rate of photosynthesis is expressed in 
kg per hectare per day. It is obvious that one leaf per hectare absorbs 
less sunlight than many leaves per hectare . Figure II-2.4 shows that 
practically all light is intercepted at an LAI above L 5. Under 
optimum conditions the LAI is always higher. To be on the safe side, we 
made our measurements and calculations at an LAI of 4 ( that is, four 
hectares of leaves per hectare of soil). 
The rate of photosynthesis obtained under these conditions is the 
potential photosynthesis. 
II.3b Potential photosynthesis 
Figure II-3.1 illustrates some characteristics of the Sahelian 
climate (Niono) and variations over the year: air temperature (maximum 
and minimum), radiation (sunlight in calories per cm2 per day), wet 
(Twb) from which air humidity can be bulb temperature 
Tmax + Tmin 
( 2 - Twb =air humidity), and photoperiod. 
calculated 
Radiation hardly varies during the year, hut the other factors are 
variable. Temperatures are higher from April to October, air humidity is 
higher from June to September, and the day is longest in June. 
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In Figure II-3.2, potential photosynthesis is plotted: this 
represents photosynthesis of a vegetative cover having an LAI of 4, and 
under optimal conditions. This photosynthesis was calculated using a 
computer, for the climatic conditions indicated in Figure II-3.1 . It is 
expressed as kg C02 assimilated per hectare per day. As shown in 
Section II.l (the chemical reaction), the amount of C02 assimilated is 
proportional to the quantity of glucose synthesized. In this reaction, 
1.5 kg C02 yields about 1 kg of glucose. 
There are four curves in the figure -- that is, four photosynthesis 
rates. Furthermore, the values vary in the course of a year, due to 
fluctuations in climatic conditions. In general, chemical reactions (such 
as the photosynthesis reaction) occur more rapidly at higher 
temperatures. With increasing photoperiod, that part of the day during 
which photosynthesis occurs is langer. The four different rates of 
photosynthesis are due to species characteristics: certain species have a 
C3 mechanism, others a C4 mechanism, for photosynthesis. Moreover, some 
species have a special control mechanism for the opening of their stomata 
(+), which is absent in others (-). 
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II.3b.l The C3~nd C4 mechanisms 
-
The differences between species having a C3 or C4 mechanism are 
physiological, morphological, and biochemical. 
The most important physiological difference is a less efficient use 
of solar energy at high light intensity by plants having the C3 mechanism 
(see Figure II-3.3). The difference between the two types is negligible 
at low light intensities. In the Sahel, where high light intensities 
prevail, photosynthesis of a plant with a C4 mechanism is higher than 
that of a plant with a C3 mechanism. Because of this, higher photosyn-
thesis is evident in a C4-type culture (see Figure II-3.2) . Another phys-
iological difference is the sensitivity of photosynthesis to temperature. 
When the temperature exceeds 25°C, C4 plants have an advantage: they can 
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continue active photosynthesis at 40°C and above. Especially in the 
months of May (V) and October (X), when air temperatures are high (see 
Figure II-3.1), photosynthesis in C4 plants is increased, while that of 
C3 plants is reduced (see Figure II-3.2). 
The morphological difference is clearly visible when a leaf is 
sectioned and observed under a microscope, as can be seen in Figure II-
3 .4. In plants with the C4 mechanism, a special type of cell, called 
coronary cells, surrounds the vascular bundle. This type of cell is not 
found in C3 plants. 
The coronary cells are easily distinguishable since they are 
transparent, while the other leaf cells are green. 
This morphological difference is helpful in determining the C3 or C4 
character of Sahelian species. The type (C3 or C4) is indicated for some 
Sahelian and cultivated species in Table II-3.1. 
II.3b.2 Stomatal regulation 
As described in Section II.l, plants are protected against unlimited 
water loss by a cuticle. For photosynthesis to take place, however, COz 
must enter the leaves. This is possible through small openings on the 
leaf surface, the stomata, which can be opened or closed by the plants. 
During the night, when there is no light, plants close their stomata, 
consequently reducing transpiration. In general, the mechanism is 
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Figur e II-3.4. Cr oss-section of a C4 pl an t leaf ( a ) and a C3 
plant leaf ( b) . 
a . Around the vascul ar bundle (1 ) are 
transparent coronary cells (2) arranged 
radia lly. 
b . Around the vaec ular bundle (1) ar e green 
parachym celle (2 ) , not arrang ed r ad ially. 
b 
controlled by light . When daylight comes, plants open their stomata; at 
nightfall they close (see Figure II-3.5 (-)). 
However, there is a more precise regulating mechanism: when 
photosynthesis increases due to an increase in light intensity the 
stomata open wider, and when photosynthesis decreases (in the afternoon) 
stomata partly close. This means that stomatal opening follows the light 
intensity (see Figure II-3.S (+)). This regulatory mechanism must not be 
confused with another one which exists in all species, namely, that 
mechanism which closes the stomata when the plant dehydrates due to lack 
of water in the soil. The regulatory mechanism referred to here exists 
even under optimal conditions, namely with irrigation. This mechanism 
affects the rate of photosynthesis: the stomata of a plant that has such 
a mechanism are more closed during the day than those of a plant without 
it. This means that the resistance of these stomata is greater, and con-
sequently the COz concentration in the stomatal cavities is lower . Under 
optimal conditions (irrigation, fertilization, and an LAI of 4), photo-
synthesis is determined by this concentration of COz. Therefore, poten-
tial photosynthesis of plants with a regulatory mechanism (+) is inferior 
to that of plants lacking such a mechanism (-) (see Figure II-3.2) . 
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Table II-3.1. C3 or C4 characteristic of aome Sahelian species 
and some cultivated species. 
I. Species frcm the natur a! vege tation . 
Grsmineae: 
Pa pilionaceae: 
Other herbs : 
Andropogon gayanus 
Andropogon pseudapriaus 
Aristida funiaulata 
M•istida mutabilis 
Cenahrus biflorus 
Daatyloatenium aegyptium 
Diheteropogon hagerupii 
Elionurus elegans 
Eragi•os tis tremu la 
Pennisetum pediaellatwn 
Sahoenefeldia graailis 
Alys iaarpus ovalifoliue 
Cassia mimoso~des 
Cassia tora 
Indigofera astragalina 
Stylosanthes graailis 
Stylosanthes hiunilis 
Zornia gloahidiata 
Blepharis lineariifolia 
Borreria ahaetoaephala 
Borreria radiata 
Borreria staahydea 
Tribulus terrestris 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
II. Cultivated species. 
Gramineae: 
Papilionaceae: 
Digitaris exilis (fonio) 
Chloris gayana (Rhod es grass) 
Pennisetum typhoides (millet) 
Oryza sativa (rice) X 
Saaaharum offiainarus (sugar cane) 
Sorghum vulgare (sorghum) 
Tritiaum sathia (wheat) X 
Zea mays (maize) 
Araahie hypogea (groundnuta) 
Vigna unguiaulata (niébé) 
X? 
X? 
c4 
x 
x 
x 
x 
x 
x 
x 
x 
x 
X? 
x 
x 
x 
x 
x 
X? 
x 
x 
x 
The regulatory mechanism has been found in some Sahelian species. It 
was absent in Borreria stachydea (see Table II-3. 2). Other Sahelian 
species have not been examined, hut it seems logical to assume that this 
mechanism is present in most species: plants having such a mechanism use 
less water, which is an advantage in a semi-arid region. Borreria 
stachydea seems to be an exception, hut it must be recalled that this is 
a C3-type plant, in contrast to the other species in Table II- 3.2, which 
are of the C4- type. For C3-type plants, higher transpiration may be an 
advantage. Transpiration reduces the temperature of the leaves; 
consequently photosynthesis can continue (see physiological characteris-
tics of C3 and C4 plant species type; Section II.3b.l). 
We can state that, in general, Sahelian species of the C3-type lack 
a regulatory mechanism, which is present in the C4 type species. But this 
is only a tentative conclusion. 
light intensity 
night 
stomata! 
opening 
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Figure II-3.5. Regulation of the stomata. 
night 
Maize is apparently a special case (Table II-3. 2). Under optimal 
conditions (with irrigation) the regulatory mechanism is absent in maize, 
although under natural rainfall conditions (with dry periods) such a 
mechanism does exist. This indicates that the regulatory mechanism is 
induced by dry periods. There is some evidence tha t the regula tory 
mechanism is absent in seedlings of Sahelian species, and that the 
mechanism is induced in C4- type plants following a dry period. 
11.4 Transpiration 
Plants require water as a consequence of water loss during the 
assimilation of C02 (Chapter 11.1). lf transpiration can be calculated, 
the water requirements of plants are known. The transpiration rate 
depends on climatic conditions and on the extent to which the stomata are 
open, that is, the resistance of the stomata. The relationship between 
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Table II-3.2. Classification of some Sahelian species and maize 
with respect to stomata! regulatory mechanism: 
(+) with regulatory mechanism 
(-) without regulatory mechanism 
Borreria stachydea 
Schoenefeldia gracilie 
Diheteropogon hagel'Upii 
Loudetia togoensis 
Andropogon gayanue 
2ea maya (maize) 
(+) 
x 
x 
x 
x 
x 
(-) 
x 
x 
transpiration of a leaf on one hand, and climatic charac teristics and 
stomatal resistance on the other , can be expressed in an equation: 
TR (2.1) 
TR transpiration in g H20 per m2 of leaves per second. 
eTl absolute humidity of the air in the stomatal cavity (g H20.m-3). 
eTa absolute humidity of the air outside the leaves (g H20.m- 3) . 
R8 stomatal resistance in seconds per meter. 
Ra laminar resistance in seconds per meter. 
The absolute humidity of the air in the stomatal cavity is always 
that of saturated air at leaf temperature. If leaf temperature is equal 
to air temperature, eTl can be read directly from Figure II-4.1. Often 
the air outside the leaves is only partially saturated . Absolute air 
humidity is expressed as a fraction of the absolute humidity of saturated 
air (= relative humidity, RH), and calculated as follows: 
RH x eTs (2 . 2) 
RH relative humidity of the air. 
eTs absolute humidity of saturated air (g H20.m-3) at a temperature T 
in °C. 
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Figure II-4.l. Humidity of saturated air (eTe), as a function 
of air temperature (°C). 
a . eTl - eTa• if the temperature ie 30°C and 
the relative humidity of the air ie 75% 
(during the rainy seaeon). 
b. eTl - eTa • if the temperature is 40°C and 
the relative humidity of the air ia 20% 
(during the dry season). 
Equation (2 .1 ) shows that transpiration depends on the difference 
between the absolute humidity of the air in the stomatal cavity and that 
of the air outside the leaves. This air humidity depends on the 
temperature. lf the temperature is 30°C and the relative humidity of the 
air is 75% (during the rainy season), the difference eTl - eTa is small; 
therefore transpiration is low. lf the temperature is 40°C and the 
humidity of the air is 20% (during the dry season), the difference eTl -
eTa is great; therefore transpiration is high ( see Figure 11-4 .1 and 
equation (2 .1)). It is clear from equation (2 .1) that the regulatory 
mechanism of the stomata also influences transpiration: the stomata are 
more closed during the day, the resistance (Rs) is higher, and 
transpiration is reduced. Figure 11-4.2 shows transpiration (in mm · d-1) 
under different conditions during the year. 
Transpiration is a phenomenon which has much in common with 
photosynthesis: C02 enters and H20 moves out of the leaves by the same 
way, through the stomata. This means that the relation between the two 
(transpiration and photosynthesis) is important for growth; it indicates 
the efficiency of water use by plants. This relationship, in kg H20 
transpired during assimilation of one kg C02, is given in Figure 11-4.3. 
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II.5 The growth rate and calculation of potential production 
The growth rate is defined as the quantity of dry matter (in kg) 
produced per hectare per day. Using the data from the preceding sections, 
the production of a sown erop or a natural pasture under optimal 
conditions, potential production, can be calculated. This is done by 
calculating daily production, then summing the production of all days of 
the growth period. 
We have given three examples of linear growth calculated using a 
computer in Figure II-5 . 1: rice (a) , a C3-type plant , and maize (b) , a 
C4- type plant. Neither of these plants had a regulatory mechanism . 
Observations made by PPS on an irrigated field in Niono are also 
indicated in the figures. 
There are strong indications that species from the natural 
vegetation under optimal conditions have photosynthesis rates comparable 
to those of cultivated species, including wheat and its ancestors. 
Research by PPS has confirmed this for several important grasses in the 
Sahel. These Sahelian grasses are comparable to "Rhodes grass" 
(Figure II-5.1.c). 
Clearly, daily calculations using a calculator would be time 
consuming; therefore the growth is calculated per decade (ten-day 
period). In Volume II, a simple model is given, to calculate potential 
product ion with the aid of a calculator, using average photosynthetic 
production per decade. 
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Figure 11-5.la. Linear grovth of rice, calculated vith the aid of a computer. 
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60 
111. TiiE WATER BALANCE 
III.1 Introduction 
As discussed in the preceding chapter , plants lose water du ring 
photosynthesis . The refo r e t heir g r owth r ate depends on the water supply ; 
when water is absent, plants close their stomata, photosynthesis stops 
a nd g r owth ceases . The availability of water in t he soil at any moment 
directly determines whether photosynthesis will attain its potential 
value. 
Th e availabi l ity of water in the soil depends on several factors 
which, combined, are known as the water balance (see Figure III- 1.1 ) . By 
determining these factors, we can calculate t he amount of water availab le 
f o r growth and, consequent l y , the relation between this water 
availability, photosynthesis , and growth . 
The source of soil water in the Sahel is rainfall. Determining the 
mean annual rainfall or total rainfall of a year is insufficient, since 
the April and October rains do not contribute to plant growth. In 
addition, there are dry and wet periods during the rainy season, during 
which there is no growth or potential growth, respec ti vely. Therefore, 
the distribution and quantity of rainfall per day or decade must be known 
(Section 111.2). 
The rainwater must infiltrate into the soil: this process depends on 
the soil's physical characteristics, on the one hand, and on the nature 
of the rain (quantity , intensity, and distribution) , on the ether . The 
infiltration process will be discussed in Section III.3. 
Infiltration is particularly important on slopes: if the water 
cannot infiltrate immediately , it forms pools . The water from the pools 
flows towards depressions : this phenomenon is known as runoff . 
Depressions therefore receive more water (Section III . 4) . 
Wate r is lost thr ough evaporation f r om the soil surface and by plant 
transpiration. The sum of thes~ two processes is known as 
evapotranspiration. The method of determining evapotranspiration will be 
discussed in Section III.5. 
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Figure 111-1.l. Water balance and factors influencing it. 1 
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In order to calculate water availability, the process of evaporation 
must be separated from that of transpiration, since it is evaporation 
that determines how much of the infiltrated water remains in the soil and 
is available to plants. Calculation of the evaporation will be dealt with 
in Section III.6. 
Not all the water in the soil is available for growth; part is 
unavailable due to physical properties of the soil. Therefore, this 
amount must be subtracted in order to calculate the amount available for 
growth; i.e. for transpiration (Section III.7). 
In Section III . 8, we shall discuss the water balance determined 
during the four years of research at Niono in relation to some 
observations on germination, growth, and production . 
III.2 Rainfall 
As indicated in Section I.2, rainfall in the Sahel varies from 
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Figure 111-2 . 1. Analysis of rainfall probability at Niono, 
1950-1978. 
p • 581, l' • 580 
south to north (see Figure I - 2.1); it also varies from year to year in 
the same region. 
The year-to-year rainfall variation at Niono (1950-1978) is 
presented in Figure III-2.1. The distribution is almost normal; the 
mean (p) is 581 mm and the expectation value (p = 50% probability = p50%) 
is 580 mm. The value of pl0% is 785 mm, and of p90% 375 mm. 
Table III-2.1. 
1976 
(P = 587 nun) 
1977 
(P = 380 nnn) 
1978 
(P = 453 nnn) 
1979 
(P • 376 mm) 
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Classification of the years 1976-1979 by 
two systems into dry, nonnal, or wet years. 
Statistical classif ication Absolute 
Dry Normal Wet Dry 
year year year year 
P<907. p P>pl07. µ P<0,8 
P<375 mm <785 mm P>785 rmn P<465 rmn 
>375 mm 
x 
x x 
x x 
x x 
classification 
Nonnal Wet 
year year 
p P> 1, 2 µ 
<697 mm P>697 111D 
>465 mm 
x 
How is a dry year or a wet year defined? There are two 
approximations. The statistical approach defines a year as dry if, 
statistically, it might for example occur once in ten years (the 
probability of higher rainfall thus being 90%). By analogy, rainfall with 
a 10% probability is that of a wet year, which also has a statistical 
probability of occurring once in ten years. The second way of defining a 
dry or wet year is more subjective, being based on an absolute quantity 
of rain. A year is dry if the vegetation is significantly affected by a 
shortage of rain, as compared to a normal year (p50%). In terms of 
rainfall, it is commonly assumed that plant growth is unaffected when 
0.8p < p < l.2p, where p is the actual rainfall and r is the expectation 
value. The four years covered by the PPS research project are classified 
in Table III-2.1. 
According to Table III-2.1, only one year was dry according to the 
statistical criterion. However, according to the second criterion, 
rainfall was lower than "normal" in three of the four years, so these 
three years were considered dry. 
The analysis of other stations in Mali presented in Figure III-2.2 
shows almost no variation in the standard deviation, although the mean 
annual rainfall is extremely variable. This means that the uncertainty, 
as compared to the expectation value, is higher in the northern than the 
southern Sahel. 
Analysis of monthly rainfall is already more detailed than that of 
yearly rainfall, presented above. Monthly rainfall at the Niono Ranch for 
the months June - October is summarized in Table III-2.2. The expectation 
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value for the years 195crl978 is also indicated in this table, as are the 
limits according to which months are classified as dry, normal, or wet by 
the two systems of classification mentioned previously. 
Three months appear to be of prime importance for growth, for the 
following reasons: 
(a) July: the July rainfall determines the beginning of the grand period 
of growth: when July is wet,the number of growing days can be high, 
and thus production as well. 
If July is dry, the number of growing days is reduced and growth is 
consequently limited. 
(b) August: If August is wet, water can accumulate in the soil . Plants 
can use this storage for growth during September, even if the 
September rainfall is low. Formation of such a water storage greatly 
depends on runoff, 
(c) September: the September rainfall can influence the plants' 
maturation period. 
Apart from these three months, rainfall has li ttle hearing on 
production. Nevertheless, it can trigger early germination, thus 
influencing species composition. Late rains, in October for instance, can 
be disastrous, causing the dry vegetation to rot. 
An analysis of the monthly rainfall over a 25- year period at Niono 
shows normal distribution for the months of June, July, and August, and 
Table III-2 .2. Monthly rainfall at Niono Ranch, 1976-1 979. 
The expectation value, P• and the values 
p90% and pl0% are for Niono, 1950-1978. 
total, % of ave rage 
June July Aug. Sept. Oct. July- expectation product ion 
Sept. value t •ha-1 
1976 101. 5 137,0 135,9 99,0 89,9 37 1. 9 86 2,5 
1977 35,3 67,4 193,9 65,7 0 327,0 76 2,3 
1978 30,0 146 ,3 134,3 90,9 9,7 3 71. 5 86 2,0 
1979 4 7 ,8 88,7 125, 1 79,8 6,0 293,6 68 1,4 
IJ 62 151 185 96 8 432,0 100 
pl07. 105 228 294 190 54 
p907. 19 74 76 43 0 
1. 2 µ 74 181 222 115 10 
0,8 µ 50 121 148 77 6 
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log- normal distribution (i.e., the difference between a wet year (pl0%) 
and a normal year (p50%) is greater than the difference between a dry 
year (p90%) and a normal year (p50%)) for September and October. 
Generally the wettest month shows the least variation. 
Taking Table III-2.2 as a guide, the three important months are 
classified as dry, normal, or wet in Table III-2.3. 
According to the first criterion, all months except July 1977 were 
normal. Following the other criterion, there are dry months every year. 
Table III-2.3. 
1976 
1977 
1978 
1979 
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Classif ication of the months July-September of the 
years 1976-1979, by both systems of classification, 
into dry, normal, or wet months. 
Statistical classif ication Absolute classification 
July August September July August September 
N N N N D N 
D N N D N D 
N N N N D N 
N N N D D N 
According to Table III- 2.3, the years 1976 (NDN) and 1978 (NDN) are 
comparable. The years 1977 (DND) and 1979 (DDN) were dry , 1979 more so 
than 1977 . In Table III- 2 .2 average biomass values for the Niono Ranch 
are presented as well. Although 1976 and 1978 were apparently identical 
as far as rainfall was concerned, there was a marked difference in 
productivity. 
Unfortunately it is of little use, if not impossible, to perform a 
statistical analysis for periods of less than a month (Cochemé and 
Franquin, 1967). Our research has shown, however , that vegetation 
dynamics are more or less determined by daily rainfall (see Chapter V), 
and that a decade (ten days) is the minimum period for calculating plant 
production during a season. Thus, while plants are very sensitive to 
slight differences in rainfall, rainfall statistics lack sufficient 
detail to predict effects of individual raio events; a large gap remains 
between the level of detail required and what statistics can provide. 
Growth is determined by rainfall parameters such as distribution, 
number, amount, and intensity of individual rains, and not by the 
averages discussed above . 
Figure III-2.3 gives the rainfall measured at the Ranch in the PPS 
experimental fields. No te the ra ins that do not contribute to growth 
(e.g., the rains of October 1976 and May 1979), and the dry periods 
during the rainy season (e.g . August and September 1978). The data are 
averages from six observation points. Total annual rainfall at these 
points varies little, but the rainfall distribution may differ 
considerably (see Figure III-2. 4) . 
During the four years of observations., PPS recorded all rainfall 
events and their intensity. The distribution of rainfall events in 
individual showers is presented in Table III-2.4, which also shows the 
variations from year to year. 
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Table III-2 . 4. Distribution of yearly rainfall, in percentages , 
into diffe r ent classe• of r ain showers. 
0-5 l1Dll 5- 10 mm 10- 20 mm 20- 30 mm > 30 l1ID 
1976 5 12 20 21 41 
1977 8 13 27 12 40 
1978 JO 25 25 20 20 
1979 6 20 26 19 30 
Ave r age 7 18 25 18 33 
The rains are of high intensity . Figure 111- 2 . 5 shows rainfall intensity 
over a t hree-year period . In 1977 , 35% of t he ra in fel l with an intensity 
of more than 50 mm·h-1. In 1978 the percentage was 20, and in 1979 , 30. 
Considering the variability in annual rainfall, in its distribution 
and its intensity, it is obvious that precise data are required to 
calculate the water balance for a particular year at a given place. A 
recording rain gauge is therefore a necessity. 
III. 3 Infiltration 
Infiltration of water into the soil is the key process in the water 
balance. One property of the soil, in particular, plays an important role 
in this process: the infiltration capacity . This is the maximum rate at 
which water can infiltrate . 
If the intensity of the rain falling on the soil surface exceeds the 
infiltration capacity, the excess water forms pools on the surface . The 
wate r thus collec t ed can flow down slopes towards depressions. This flow 
is known a s r unoff . On a flat sur face, the pools r ema in stationary and 
the wate r will eventually inf i ltrate into the soil . 
The maximum rate at which water can infiltrate depends on two 
facto r s : the fo rce o f gravity and the abso r ptive f a rc es of t he soil . The 
latter is dependent on the soil pores (capillar ies) . Thus soil acts like 
a sponge, which absorbs water. At the beginning of a rain, when the soil 
is dry, absorptivity is great. It decreases as the moisture content 
increases, until it becomes zero at saturation. 
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Decadal rainfall (1978) at 
two locations at the Niono Ranch. 
s 0 
month of the year 
In addition to these two factors, the soil infiltration capacity 
also depends on the hydraulic conductivity of the soil (number and size 
of pores). The infiltration capacity is thus determined by the force of 
gravity, the absorptive forces, and the conductivity of the soil. 
The physical laws which describe infiltration of water into soil are 
well known, but difficult to comprehend, and impossible to use in the 
form of simple equations. 
For this reason, certain simplifications have been introduced to 
permit simple calculations. The results obtained are sufficiently 
accurate for calculation of the water balance. 
These simplifications have resulted in the following equation for 
calculating the infiltration capacity: 
i 
_!_ s 
-2......:. 
_j- + k 
vt s 
i soil infiltration capacity, in mm of water per hour. 
(3.1) 
S sorptivity of the soil. The combined effect of absorptive forces and 
hydraulic conductivity is expressed in S. S is a soil characteristic, 
and the value of S is expressed in mm of water per square root of 
time, in hours (../hour). 
ks = the saturated conductivity of the soil, in mm of water per hour . 
t = time in hours. 
Fraction of annual 
rainfall (%) 
100 
75 
50 
25 
\ 
\ 
' 
' 
' 
Figure III-2 .5. 
' \ 
' \ 
' \ 
' 
' 
' 
' 
' 
' 
' 
70 
' 
' 
............... __ ·········· ..... 
---
,__ _____ _ 
50 100 
intensity (mm . h--1) 
Percentage of annual rainfall 
exceeding a certain inteneity. 
Niono: __ , 1977; ------, 1978; ••• ".1979. 
150 
71 
infiltration capacity 
(in mm of water per hour) 
40 
30 \ 
20 --·~~-------
·--. 
-----
10 
Figure III-3. l. 
025 2 
time (in hours). 
Infiltration capacity (i) of a soil, calculated 
.!. s 
with the equation i • ~ + k8 , with 11 
S • 15 mm·h- 2 and k8 • 10 llllll·h-1, 
.!. s 
--2....-=:. The first part of equation (3.1), Jt. , represents infiltration 
due to absorption, and the second part, ks, that due to gravity. 
In Figure III-3.1, the infiltration capacity is shown as a function 
of time, with a value of 15 mm·h-1/2 for S, and a value of 10 mm·h-1 for 
ks· This figure shows that infiltration capacity decreases with time. 
If rain falls with an intensity of 25 mm per hour, on a soil having 
properties as these shown in Figure III-3.1, we see that after 0.25 hour 
(15 minutes) the infiltration capacity is less than 25 mm·h-1. At this 
point, pools form on the surface, with the accompanying risk of runoff. 
The form of the graph in Figure III-3.1 also shows the conditions 
conducive to runoff. 
If the rain intensity is low or its duration short, there is little 
risk of runoff. On the ether hand, if the rain is heavy (as is often the 
case in the Sahel, see III.2) or of long duration, the risk of runoff is 
great. 
The parameters S and ks are soil properties. If they have high 
values, the infiltration capacity is high (a curve above the curve of 
cumulative fraction 
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Figure III-3.1), and there is little risk of runoff, If the values are 
low, there is a high risk of runoff, 
Using rain measurements (average intensity and duration) and the 
values S and k 8 , the infiltration for each rainfall may be calculated 
and, if the soil surface slopes, the runoff. Unfortunately, measurement 
of S and k 8 is difficult and costly, for several reasons. 
First, the parameter S depends on the moisture content of the soil: 
S is highest when the soil is dry, and zero when the soil is saturated. 
Thus the moisture content of the soil at the beginning of a rainfall 
event determines the value of S. Applica tion of equa tion ( 3 .1 ) is 
therefore difficult. 
The second reason is fundamental. Often the texture (particle size 
distribution) and the structure of the soil surface differ from those of 
the subsoil. The rainwater must first penetrate the soil surface before 
it can enter the subsoil. 
The physical properties of the soil surface are therefore very 
important. Unfortunately, they are almost impossible to determine. 
Moreover, as has been stated before, they may vary considerably in the 
course of the rainy season. The two most important processes causing 
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changes in these properties are crust formation on the surface and 
compaction of the soil. 
The crus t. The r e are two r easons for the format i on of a c r ust . 
Firstly, the soil surface is covered by algae; the hyphae are easily 
visible with binocular s. The presence of algae is related to soil 
texture. The soils of the fossil Niger Delta, having a high percentage of 
si l t a nd ver y fine sand , seem t o cons t itute an idea l env ironment f o r 
algae . The algae produce a network of f i b r ils which bind the soil 
par ticles together. The surface crust thus formed constitutes not only a 
physical har r ier to water infiltration , but is hydrophobic as well . This 
water repulsion is due to decompo sition products o f the algae and dead 
hyphae. A detailed study of the hydrophobic properties of the soil crust 
in Niono has been made. By simulating movement of water through this 
crust, it was found that infiltration is impeded at the beginning of a 
shower. After five or ten minutes , t he hyd r ophob ic effect is neglig i ble; 
the minimum infiltration r ate is determined by physical compaction of the 
surface, a secondary cause of crust formation . The compaction is caused 
by very heavy rains. Kinetic energy is sufficient to separate the 
individual particles of the surface soil. Cohesion of particles into 
aggregates is already greatly reduced by very high temperatures (above 
60°C) and very low organic matter content. This separation causes the 
clay and silt particles to form a suspension, which infiltrates into the 
soil with the water. Sand particles remain on the surface and are blown 
away by the wind and form small dunes elsewhere. As a re sult of this 
separation process, the crust contains mainly clay and silt, becoming 
compac t and impermeable. Compac tion and algal fibrils make the crust 
r esistant to wind and water erosion. There are indications that the algal 
mass increases as the biomass of herbaceous plants decreases; thus algae 
a nd the cru s t i n general a r e major f a ctor s in the d egr ada tion o f t he 
Sa he l . 
Compaction . Compaction of the soil is a f unction of its tex tur e , 
biological activity, and the action of external forces on the soil . lf 
the texture of the soil is heterogeneous, i.e., there is a wide 
assortment of different-sized particles, compaction can be considerable. 
If the particle- size distribution is narrower, the risk of compaction is 
less. In Figure 111- 3 . 2, the upper layers of soils of the Ranch are 
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presented graphically in such a way that the samples forming a straight 
line have a higher chance of being compacted. At the Ranch these are 
loamy soils. 
Compaction can occur independently of external forces 
(autocompaction), but loam and clay soils can also be compacted by 
trampling livestock, especially during the rainy season. Factors 
counteracting compaction are plant growth, since roots penetrate the 
soil, and the activity of animals such as termites and ants, which burrow 
through it. Termites consume straw, which of ten remains on the soil 
surface during the dry season. This process creates macropores in the 
soil, which penetrate and break up the crust. Thus vegetation and animal 
activity are important to keep the soil sufficiently porous for good 
water infiltration. If vegetation (the biomass) decreases, through 
climatic conditions or human intervention, the conditions change in such 
a way that development of vegetation becomes increasingly difficult. This 
general phenomenon is of prime importance, since organic matter content, 
often a stabilizing factor in soil structure, is negligible in the Sahel. 
In the view of difficulties in determining the parameters S and ks 
independently and for every case, equation (3.1) is simplified further. 
Integration of this equation with respect to time yields the following 
equation: 
I sv't + kst (3.2) 
I the maximum cumulative infiltration (in mm) after the duration 
of the rainfall (tin hours). 
The first part of equation (3.2), sv't, corresponds to the water 
infiltrated under influence of absorptive forces, and the second part, 
kst, to the effect of gravity. For a short time (t), the first part 
(Svt) is more important than the second part (kst). In fact the 
significance of both parts depends on the ratio S/ks . Most rainfall 
events in the Sahel are of short duration. We can therefore ignore the 
second part and use the following equation: 
I = Svt (3 .3 ) 
Values of S were determined in the field by measuring I and t during 
natural rainfall events, and artificial rain using a rain simulator. 
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Table III-3.1. Average values of S for different soil 
complexes in Mali 
Sandy complex 
Detrital complex (sandstone or laterite) 
Sahel 
Savanna 
Fluviatile complex 
Fossil 
Present delta 
S (in mm/ lhour) 
S(L) 38,7 
SL 3,9 
SL 3,9 
SL 7,7 
SCL 5,8 
CL 7,7 
c 7,7 
c 7,7 
Average values for S, allowing for the specific properties of the 
soil surface, have been obtained from many measurements. These values can 
be used for t h e entire rainy season, withou t high risk o f ob tain i ng 
errone ous results ( see Ta bles II I- 3 . 1 and I I I -4. 1) . 
III.4 Runof f 
As explained in the preceding sec tion, runoff takes place if the 
rainfall intensity exceeds the infiltration rate . A layer of water (pool) 
is formed on the soil surface, and begins flowing if the slope of the 
terrain permits. 
The factors determining runoff are thus: 
1. Rain intensity. 
2. Infiltration capacity of the soil (see III.3). 
3. The slope at the site, and the physical and biological conditions 
of that slope. 
Thus far we have established that rainfall in the Sahel is of high 
intensity and abundant during the rainy season (Section III.2) , that 
there are many loamy surface soils and that most of the terrain slopes 
s lightly (Section I . 3) . All these conditions are favourable to runoff, a 
very widespread phenomenon in the Sahel, and one which has a marked 
influence on the soil water balance, as will be illustrated below. 
As a result of runoff, the Sahel is very heterogeneous. There are 
areas where infiltration is less than rainfall, and areas where 
infiltration is several times greater than rainfall. The former areas are 
important: where the water stagnates, runoff forms ponds which can be 
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Table 111-4.l. Summary of measured runoff (R), expressed a• a 
percentage of rainfall, and average value• 
of the aor ptivity of the soil (S) . 
Year 1977 1978 
Location at the Niono Ranch S 
and soil condition (mm.min- !) 
Sand S l ( north) 
- control 0,75 40 
- CuS04 1'00 34 
- NONIDET 1 '75 22 
ploughed 1 ,50 24 
Sand S1 ( south) 
- sparse biomass 0,75 40 
- dense biomasa 1'50 35 1,50 21 
Sand s2 2,23 2 1 2 ,25 18 
Clay o1 
- bare stretch 0,50 52 
- dense biomaas 
Loam 
- control 0,65 42 
- Cuso4 1'50 24 
- NONIDET 
- ploughed 4,00 0 
Degraded land 
-· control 1,00 35 
- CuS04 1, 25 28 
NON ID ET 
1979 
0,75 
0,50 
0,88 
1 ,00 
o, 75 
0,68 
0,50 
0,38 
0,38 
0,50 
47 
54 
44 
36 
- 13 
49 
52 
55 
66 
66 
61 
R 
:t 
used as watering places. If the depressions are permeable, the water 
infiltrates deeply ; this can be advantageous for the growth of trees and 
herbaceous perennials, or can contribute to the formation of a ground 
water table. The ground water supply feeds natural and man- made wells, 
providing drinking water for man and animals. In short, we can state that 
life in the Sahel is possible due to runoff. It is clear that in the 
northern regions of the Sahel, infiltration is ideal, but the biomass is 
not used for grazing because of a lack of surface water: the region is 
not exploited for animal husbandry . 
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Although there may be many watering places, the i r surface area often 
remains small compared to the run off areas. The contribution to the 
b i omass of annuals is reduced, whereas the growth of trees is stimulated 
in the run on areas . Consequently, in terms of primary production, it is 
more impo r tant to study runoff from the large surface s than t o s tudy run 
on on the small collection surfaces. 
The phenomenon of runof f is v i t a l t o life in the Sahel . Bowever, 
t he re is a high r isk that the situation could dete r io r ate into 
degradation, if the delicate balance between the two complementary 
proc esses (infiltration and runoff) is destroyed . A thorough 
understanding of the runoff process is therefo re essential. 
Runoff is obviously closely associated with infiltration, a nd t h e 
latter depends on the physical conditions of the soil surface. If these 
cond ition s deteriorate, due t o a decrease in organic matter content, 
excess trampling, or a decrease in biomass d ue t o grazing, the balance 
shifts towards runoff , This was clear ly observed by Haywood (1977) by 
comparison of two aerial maps of Mali in 1950 and 197 5 . Du ring this 
period the slopes lost many trees, whilst tree density increased at all 
water collection points or plains . The shift is attributed to one in the 
infiltration runoff balance . 
The role of primary production in this shift is of utmost 
importance. The biomass produced during the rainy season often remains on 
the soil surf ace during the hot, dry period . If the biomass is not 
completely removed by fire or excessive grazing, part of it is consumed 
by termites during the dry season and at the beginning of the next rainy 
season. Termite action has a marked influence on the physical conditions 
of the surface, contributing to porosity (particularly macropores , formed 
during transport of biomass in to the soil). Moreover, termi te action 
ma kes the surf ace mo re irregular; this , together wi th st r aw , prev e nts 
r unoff , Thus a lar ge biomass during the d r y season promot e s infilt ra tion, 
and e x tensive loss of biomass induces runoff. The danger is that any 
shift tends to spiral . As soon as runoff increases , affecting the soil 
water balance, biomass production decreases. This is the beginning of a 
spiral: each decrease causes further runoff, It is this spiral that leads 
to degradation of the Sahelian ecosystem. 
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As stated in Section I.4, runoff is not the same everywhere: 
The true sand dunes . Existing north of the 15th parallel, the dunes 
are very permeable, since the clay and loam content is not sufficiently 
high to form a crust. The vegetation is very uniform. 
On loamy sand or sandy loam, a crust forms due to the presence of 
fi ne particles. On a relief map , we can distinguish areas that are nearly 
flat (the slope is less than 1%), where runoff infiltrates locally. Often 
this runoff is indicated by the presence of perennials. Also visible is 
pronounced duneland (5% slope), where the depressions between the high 
spots receive large quantities of water. When the subsoil permits, 
temporary ponds are formed. 
There are no lateritic formations at the Ranch in the <lead delta of 
the Niger. Runoff on such formations is high, and ponds are formed as a 
direct consequence. In addition, water which flows into cracks in the 
soil forms a good water storage for the trees, and often feeds a local 
aquifer--hence the presence of villages. 
On the completely flat clay or loam plains there is no runoff; they 
are fed by the higher areas surrounding them. 
Runoff has been studied i n detail by PPS only at the Niono Ranch. In 
1977, runoff was estimated from the water balance by comparison of the 
soil water content just before and after a rain. This method enabled 
establishment of the water balance by trial and error . The results 
obtained were, on the whole, satisfactory (Sidibé, 1978). 
In 1978 and 1979, however, runoff was determined directly by 
collecting water on 0.5 m2 plots (1978) and 2.3 m2 plots (1979) during 
natural and artificial rains, the latter produced by a rain simulator. A 
summary of results is presented in Table III-4.1, where R is the fraction 
of the annual rainfall which has run off. The table gives not only values 
for places having low or high biomass levels, but also for areas sprayed 
at the beginning of the rainy season with a solution of CuS04 (to kill 
surface algae) and with a solution of NONIDET (a commercial product 
(Shell) for making the soil surface hydrophilic), and values for ploughed 
soil (where the crust has been broken). The results are rather 
inconsistent: 
Sand Sl (average slope 3%): in 1978, ploughing and treating with 
CuS04 and NONIDET reduced runoff. In 1979, however, the same chemical 
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treatments had no effect. Furthermore , the resul ts showed 
that runoff on this soil type is very hi gh : 40%- 50%. Moreover, it was 
observed that runoff decreases if biomas s increases . 
Sand S2 : this sand is coar ser than sand Sl, and is situated on a 
smalle r s lope . The r unoff var i es be tween 20% and 30% . 
Clay Dl: on bare stretches, near trees and termite nests, the runoff 
is high--around 50%. In the de pressions be t we en the bare stretches there 
is no runoff, hut rather run on (Ris negative). 
Loam : the observa t ions are the same a s f or sand Sl . 
Degraded areas: on these bare, loamy soils there was a great 
difference between 1978 and 1979 . The runoff is from 30% to 60%. 
The r unoff, measured after each individual rain, was used to 
calculate the sorptivity of the soils (parameter S). In this calculation, 
a detailed analysis was made of the intensity of each rain; the rain was 
even subdivided if the intensity varied . (This analysis was possible due 
to the recording rain gauges installed in the six experimental fi e lds . ) 
All the values of S were combined to obtain average values for the entire 
rainy season . These averages are presented in Table III- 4 . 1 . The figures 
vary in the same way as do those of annual runoff, discussed above. 
It is obvious that direct measurement of runoff, or calculation of 
r unoff after measuring the parameter S, is time- consuming and costly. 
Therefore a general relation between the rainfall and infiltration was 
determined. Figure III- 4.1 presents all the detailed information for sand 
Sl in 1978. Apparently there is no unique relationship, hut R seems to 
increase with increasing precipitation. Despite this conclusion, 
observations concerning runoff must be simplified and generalized . This 
can be done at three levels: 
If one considers annual runoff, the parameter R can be estimated 
us ing Table III- 4 .1 and the description of the sites as presented in 
Chapter I. 4. 
If one considers daily r ainfall, a rela tionship such as that in 
Figure III- 4 . 1 must be estimated, due to the lack of data on intensity of 
individual rains. An example of such an approximation is presented in 
Figure III-4.2. This relationship was valid for sand S2, in 1977, and has 
been used in the primary production simulation model. 
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Figure III- 4.l . Relation between rainfall and infiltration 
(Sand S1, 1978). The lines indicate runoff percentages. 
The average runoff, R, 11 40% of the total annuel rain. 
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For a more precise estimation of runoff, data on the intensity of 
individual rains must be available. Infiltration must then be calculated, 
using an S value for the sorptivity of the soil, for each individual 
rainfall. The sorptivity of the soil can be measured, or estimated using 
Table III-4. 1. 
III. 5 Evapotranspiration 
In the preceding chapter a method to calculate infiltration was 
presented. Immediately following the rain, the water in the soil is 
exposed to evaporation and, if vegetation is present, to transpiration as 
well: this combined phenomenon is known as evapotranspiration. 
Evapotranspiration can easily be determined in the field using the 
following method: 
1) Determination of the rainfall with recording rain gauges. 
2) Determination of the moisture content of the different soil layers 
(see, for example, Table 111-5. 1). 
3) The raw data of the recording rain gauges are analysed, and the 
rains and their intensity are listed. 
82 
Table 111-5.1. Volumetrie soil moisture content (in l) by 
date and by layer in 1978 (Niono) of a sandy 
soil with unfertilized natural pasture . 
Date 24/7 2/8 5/8 9/8 14/8 18/8 24/8 30/8 6/9 13/9 21/9 29/9 J/10 6/10 1/11 
Day riumber 205 2 14 21 7 221 226 
Soil layer 
(cm) 
0 - 15 6,6 14,9 10,6 14,9 12, 1 
15 - 25 5,1 10,8 9,3 9,8 7, 3 
25 - 35 4,9 
35 - 50 2,8 
50 - 70 2' 6 
70 - 90 2 ,8 
90 - 1 10 2' 5 
110 - 130 3, 3 
130 - 150 
Total 
water (mm) 
8,9 8,4 8,0 7,0 
8,5 8,3 7,4 7,4 
4,3 6,4 6,8 6,6 
2,8 2,8 4,3 5,9 
2, 5 2, 5 2,5 2, 5 
3, 3 3, 3 3, 3 3, 3 
5,2 4, 9 4,8 4,8 
230 236 
13,5 4,5 
5,9 4,3 
6,4 5,5 
6, 4 6, 1 
6,5 5,9 
5,9 5,7 
2, 5 4, 0 
J , 3 J , 9 
5,0 
242 249 256 
10,6 6,2 6,0 
3,0 2,5 2,8 
3,9 3,3 2, 9 
4,8 3,9 3,4 
5,5 4,8 3,5 
6,0 5,8 5, 1 
6, 4 6, 5 5 , 6 
5,2 6, 6 6, 4 
4,7 4,9 5,2 
264 
5, 1 
5, 1 
4 ,2 
3,5 
3,5 
4,6 
5 , 6 
6, 1 
4,8 
272 276 
11, 9 4, 6 
8,4 5, 5 
6 ,2 5 , 5 
4,5 4,7 
3,6 3,3 
4,5 4,7 
5,6 5 , 6 
6, 1 6, 1 
279 
3,0 
4,4 
5,0 
4,3 
3,4 
4,5 
5,6 
6, 1 
305 
1 ,4 
1, 9 
2,6 
3,0 
3,0 
3, 3 
3,6 
4,9 
4,9 
0 - 130 45 , 8 78,6 75,4 82 , 5 77,6 74 , 8 64 , 6 72, 4 66 , 5 59 , 4 61,8 77 , 1 64 , 8 60,3 40 , 4 
4) With the sorptivity value of the soil (S) determined independently 
( see Chapter III.3), total precipi tation is divided in to 
infiltration and runoff, 
5) Evapotranspiration (ET) is calculated from ( 2) and ( 4) ( see Table 
111-5.2.). Determination of the soil moisture content on different 
dates gives total soil moisture (in mm) on these dates. The 
difference in total soil moisture between two successive dates 
indicates the increase or decrease in storage between the dates 
( 6 Storage). Evapotranspiration during this period (ET) is 
infil tration ( l) minus 6 Storage . 
Cumulative evapotranspiration (~ET) is used to construct the graphs 
in Figure 111-5.1. This figure presents evapotranspiration of 
unfertilized (A) and fertilized (B) vegetation on a sandy soil, and that 
of a fertilized vegetation on a clay soil (C) . 
The ET value of natural pasture (A) is almost constant, reaching 
2.8 mm·d-1, a value similar to that of a bare soil (2.7 mm.d-1). 
The ET of fertilized pasture reaches a maximum value of 4.2 mm.d-1 
(sand) and 5.1 mm.d-1 (clay). These figures indicate that the ET of 
natural pasture differs from that of fertilized pasture, and that the ET 
on a sandy soil differs from that on a clay soil . 
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Figure 111-5.1. Measur ed evapotra nspiration. 
A: on sand S1 with R • 401 and natural pasture (1978) 
B: on sand S2 with R • 21% and fertilization with N, P end K 
11-i n ). 
c: on clay D1 with average run on of l5l end fertilizetion 
with N, P end K (1978). 
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Table III-5.2. Calculation of evapotranspiration (ET) on 
a sandy soil with unfertilized pasture 
(Niono, 1978). 
Day number Date Soil water t:,. storage I ET EET 
storage 
0 - 130 cm 
205 24 /7 45 , 8 66 1) 
32,8 58,88 26,08 
214 2/8 78,6 92 
- 3 , 2 14,79 17, 99 
217 5/8 75,4 110 
7. 1 9, 11 2, 01 
221 9/8 82,5 112 
- 4,9 8,30 13, 20 
22 6 14/8 77 , 6 125 
- 2,8 9,00 11,80 
230 18/ 8 74,8 137 
- 10,2 4,40 14,60 
236 24/8 64, 6 152 
7, 8 9 , 00 1. 20 
242 30/8 72,4 153 
- .'i , 9 5,20 11, 10 
249 6/9 66,5 164 
- 7. 1 13, 10 20,20 
256 13/9 59,4 184 
2,4 17,63 15,23 
264 21/9 61'8 199 
l 5, ::> 26 , 13 10 , 83 
272 29/9 77, 1 210 
- 12, 3 0 12,30 
276 3/10 64. 8 223 
- 4,5 0 4,50 
279 6/10 60,3 227 
- 19, 9 5,90 25,80 
305 1/11 40,4 253 
1) Cumulative evapotranapiration until first day of meaaurement. 
It is irnpossible to distinguish whether these differences are due to 
differences in transpiration, evaporation, or a combination of both . 
Therefore, an independent estimate of evaporation is required . 
III.6 Evaporation 
Although evapotranspiration (ET) is relatively easy to determine, it 
is difficult to separate it into evaporation (E) and transpiration (T). 
1 
11 
1 
1 
1 
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A B 
~igure III-6.1. Soil evaporation 
A. Evaporation, immediately after a rain (1aturated 1oil). 
B. Evaporation from an unsaturated aoil. 
First, some theoretica! aspects will be discussed, then some experimental 
results and calculations of E. Thereby a simple method of estimating E 
will · be proposed. The estimation of E is important: if E can be 
calculated, the amount of water available for growth can be determined. 
Some theoretica! aspects 
After a rain, water evaporates from the surface of the saturated 
soil, as from a free water surface (see Figure III-6.1.A). The rate of 
evaporation (in mm of water per day) is nearly equal to the maximum rate. 
It is determined by climatic conditions: air humidity, wind speed, and 
radiation intensity. Air humidity is important, since this determines the 
rate of diffusion (lower when air humidity is high). As a result of 
evaporation, a layer of moist air is formed above the soil surface. The 
wind replaces this by a layer of dry air. A high wind speed ensures good 
circulation. Radiation must also be taken into account, since it heats 
the soil surf ace: evaporation from warm soil is higher than from cool 
soil. The soil surface temperature may be very high (see Figure III-6.2). 
The result of the above factors is that the evaporation rate varies 
during the year (see Figure I-3.3.). 
Evaporation empties first the large pores in the soil (see 
Figure III-6.1.B). The air in these pores, which are surrounded by water, 
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Figure III-6.2. Temperature of clay soil at noon (23- 06- 78) • 
• - ---- . dry· dark coloured area 
x-----x wet light coloured area 
is moist ( r elative humidity is 100/~ ). The difference between air humidity 
in the pores and air humidity at the soil sur face (an average of 40 /o 
during the rainy season) causes evaporation by diffusion. The water 
vapour content in the pores is maintained by evaporation of water 
surrounding the soil particles. 
On the other hand, the water around these particles is held by the 
retention power, as well as being subject to gravity, which transports it 
:owards the deeper soil layers. This process results in redistribution of 
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Figure III-6.4. Soil moisture content of top layers of sand 
after a heavy rainfall at 9:00 a.m. and at 
7:00 p . m. 
x-----x (0 - 0.5 cm); .-----. (0.5 - 1.0 cm) 
+-----+ (1.0 - 2.0 cm). 
water within the profile; the surface layer becomes drier and the deeper 
layers become moist (see Figure III-6.3). 
During the night, when evaporation decreases due to the absence of 
radiation and an increase in air humidity, the surface layer of the soil 
can become moist . The absorptive forces of this layer cause transport of 
water from the deeper layers (see Figure III-6.4). 
This means that evaporation changes with time. It is high just after 
a rain, but decreases with time after that event. 
Following a rain, evaporation is determined by climatic conditions: 
evaporation from a sandy soil is equal to that from a clay soil. Later, 
the physical properties of the soil (see Figure III-6.1) play a role. 
Given the differences in retention and hydraulic conductivi ty between 
sand and clay soils, their evaporation rates will evolve differently. 
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Figure III-6.5. Cumulative evaporation as a function of the 
square root of time, measured in June 1978. 
+ sand, • sand, x clay. 
-----~ approximation (see text). 
Experimental results, calculation of E. 
Figure III- 6.5 shows the results of three experiments. In the graph 
cumulative evapor a t ion ( ~E) in mm is presented as a function of the 
square root of time in days (Jt or t~ ). The two expe r iments on sand are 
- l 
r eplicates . At the beginning, E is proportional to 6 . 0 mm •d 2 • This value 
is equal to the potential evaporation acco r ding to Penman (EVAI), and is 
70% of the evaporation of free water (8.7 mm·d-1 ip June). Two days after 
_ 1 
the rain, evaporation decreases to around 3.5 mm •d 2 • The proportionality 
to the square root of time in days is very clear for sand, but less so 
for clay. 
Evaporation can be calculated with a simulation model for different 
values of EVAP (EVAP depends on climatic conditions, and varies during 
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the rainy season) . The resul ts are presented in Figure III- 6. 6. They 
establish that E calculated for high values of EVAP (e.g., in June) is 
equal to measured E . For low values of EVAP (e.g . , in August and 
September), the period during which E remains proportional to EVAP 
decreases to one day. "e can therefore conclude that the length of this 
period is related to the evaporative demand. It is important to note that 
after this first period (two days in June, one and a half days in July, 
and one day in August and September), E always has the same value: 
_1 
3.5 mm•d 2 • 
In summary, evaporation from a bare soil, for sand and clay, can be 
estimated using the equation: 
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~E = EVAP Vtl + 3. 5 (Vt - Vtl) (3.4) 
~E is cumulative evaporation (in mm) after a rain. 
t is the number of days after the rain; the first day is the day of 
the rain. 
EVAP is the potential evaporation according to Penman: 6 . 0 mm·d-1 in 
June, 4.5 mm·d-1 in July, and 3.5 mm·d-1 in August and September. 
t1 is the number of days during which the evaporation is proportional 
to EVAP; 
2 days in June, t1 1.5 days in July, and t1 1 day in 
August and September . 
Obviously , the equation is invalid if all the water in the soil has 
already evaporated. Moreover, if the period between two rainfall events 
is excessively long and the soil dries out too much, cumulative 
evaporation changes: it is no longer proportional to Vt but to ln t. 
So far we have discussed bare soil, but vegetation also affects 
evaporation, as development of a plant cover produces a different 
microclimate. 
The influence of vegetative cover (LAI, see section II.2) on 
evaporation could not be clearly established since the number of 
replicates was insufficient. 
Nonetheless, the results are tentatively presented in Figure 
111-&.7. In this figure we have also indicated the relationship used by 
Van Keulen (1975) for a Mediterranean zone. It should be noted that the 
two relationships differ greatly. 
The equation to calculate evaporation from a soil with a plant cover 
thus becomes: 
{~ ~E = Ep-J · EVAP Vtl + 3. 5 ( v't - Vtl) (3.5) 
Using equation (3.5), the climatic data (rainfall, EVAP, etc.), the 
runoff data, and the LAI, the evaporation can be calculated. Results are 
presented in Table 111-6.1, which presents potential evaporation per 
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Figure III- 6.7. Relation between the ratio of actual evaporation 
to potential evaporation (Ea/Ep) and the LAI 
(leaf area index) . 
----- according to Van Keulen (1975) , 
x-~x experimental points in the Sahel. 
decade for various numbers of rainfall events per decade, and for a 
series of different LAI values. 
The following example illustrates the calculation of evaporation. It 
refers to a bare clay soil, with 50% runoff. The infiltration per decade 
(Id) is 50% of the rainfall for the same period (Pd). 
With the number of rainfall events (n), potential evaporation for 
the decade (Epd) can be obtained from Table III- 6 .1. The LAI is zero, 
since the calculation refers to a bare soil. 
If Epd is higher than the Pd, our approximation is as follows: if 
water is stored in the soil (S), actual evapor ation of this decade (Ead) 
may be higher than Id · It is calculated using the following 
1 
appr oximation : Ead =; (Epd ~ Id) . Natur ally Ead can neve r exceed the sum 
of (S +Id). 
Table III-6. 1. 
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Relation between the number of rainfall events (n) and 
potential evaporation per decade (Epd) as a function of LAI. 
LAI, month of June 
0, 0 0, 5 
14. 6 12, 6 
22,8 18,8 
29,7 
36,4 
42,5 
46 ,8 
23,7 
28,4 
32,5 
36 , 0 
50 , 4 38,8 
53,6 
56,7 
60 , 0 
4 1. 3 
43,7 
46,2 
LAI, month of Jul.y 
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27,0 
30,8 
34 , 4 
37, 7 
40, 2 
42,7 
45,0 
0 , 5 
11 ,O 
15,5 
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16,5 
3 , 0 
8,8 
11, 2 
12,4 
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13 . 7 
13 , 9 
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16,7 
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8,9 
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12,6 
13,3 
13,7 
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13,9 
4 , 0 
8,5 
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11 , 8 
11 , 8 
11 , 7 
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4 ,0 
8,7 
10,8 
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12,5 
12,7 
12,7 
12, 7 
12. 7 
12,7 
12,7 
5 , 0 
8, 3 
JO, 1 
10,8 
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10,7 
10 , 4 
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5,0 
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10,5 
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12,0 
12,0 
12,0 
12,0 
The result of the calculation is presente d in Figur e III- 6 . 8 a nd 
Table 111- 6 . 2 . The figure shows that t he calculation gives values close 
to the e x perimental results . 
III. 7 Transpiration 
In Section II . 4 (Figure II- 4 . 2) potential t ran s piration is 
estimated: e.g., a C4-type plant with stomatal regulation transpires a 
maximum of 4 mm per day (40 mm per decade) during the month of August, if 
water and nutrient elements are not limiting . Apart from this 
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Figure III-6.8. Calculated (.-----.) and measured (+ + +) 
evaporation on a clay eoil. 
Table III-6.2. Calculation of evaporation from a bare soil 
(clay, 1978) with a 50% annual runoff. 
2 3 4 5 6 7 
Dec, pd n Id Epd Ead s 
35,6 3 17 ,8 29,7 17,8 0 
2 0 
3 0 
23,5 2 11, 8 18,0 11, 8 0 
2 69,4 3 34,7 22,8 22,8 11, 9 
3 46,8 6 23,4 34,4 28,9 6,4 
a 1 89,4 5 44,7 24,8 24,8 26,3 
a 2 11 , 1 2 5,6 15,6 10,6 21'3 
a 3 18,0 3 9,0 19,2 14,0 16,3 
s 1 14,4 3 7,2 19,2 13,2 10,3 
s 2 24,2 12' 1 29,3 20,7 1 '7 
s 3 31 ,4 4 15, 7 22, 1 17 ,4 0 
0 1 10,5 5,3 11, I 5,3 0 
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Figure III-7.l water retention curves for the four main soil 
types at Niono. LTV is the lower threshold 
value for available water, that is , water held 
by a force of more than 4 bar1 (pF • J . 5). 
physiological aspect , a direct relation ex ists be twe en t ranspi rat ion and 
the soil water storage available for growth . If l e ss than 40 mm a re 
available per decade for growth, the plants close the i r stomata, and 
photosynthesis (and the r efore growth) ceases . This direct relationship 
can be used to calculate production (Volume II, Chapter III), since the 
quantity of C02 photosynthesized per mm of available water is known 
(Figure II-4.3). 
In the preceding chapters , it has been shown that soil water storage 
can be calculated per decade. However, the amount of water available for 
growth is not yet known, since part of the water storage is not available 
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to the plants. Soil water held at a suction greater than 16 bars (pF 4.2) 
is unavailable for growth . The amount of water held at a suction between 
4 (pF 3 . 5) and 16 bars cannot easily be taken up by plants; this fraction 
can be used for survival, but not for growth. 
In order to determine the quantity of water available for growth, 
the quantity of water held at a suction of more than 4 bars (pF 3 . 5), the 
lower thr eshold value (LTV) for a soil ( see Figure III- 7 .1), must be 
subt r acted f r om the total water stor age. 
I II . 8 The so i l wate r balance 
i-.'ith the knowledge of the processes and the magnitude of the 
relevant pa rameters, the water balance at the various stages of growth 
can be di s cus s ed : 
before t he heavy r ains; ge r mi nation , establ i shment of seedl i ngs and 
survival, exponential growth. 
beginning of the heavy rains . 
the grand period of growth; linear growth. 
end of growth; dry season . 
Before the heavy rains. This period (May- June, and often July) is 
characterized by irregular rainfall, which triggers one or several 
flushes of germination . Many biologica! activities are resumed by soil 
wetting after a prolonged hot, dry period. The seeds absorb water and 
germinate; microbial activity, which also requires water, revives. All 
these processes are strongly affected bX drying up of the soil after 
wetting. 
During this first period, growth is exponential but often irregular, 
i . e . , there are days after a rain when the plants grow exponentially , and 
there are growth checks due to moisture shortage. The climatic conditions 
during this period cause very high evaporation r ates (6- 8 mm · d- 1) • 
Generally, nearly all the rain falling during this period is lost thr ough 
evaporation, and, until rainfall increases, soil water storage is 
negligible. Frequently, the climatic conditions are very harsh for young 
plants: nonetheless, the plants often survive, indicating that they are 
well adapted to the dry conditions of this period. 
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If the seedlings are alive and well established (at least 1-2 weeks 
after germination), the grand period of growth begins as soon as rainfall 
increases. In cer tain year s , the heavy r ains a rrive afte r a severe 
drought, and no young plants are available; in this case, the grand 
period of growth is delayed by one to two weeks. During this pe r iod, new 
seeds germinate, and new seedlings establish themselves and grow 
exponential l y . 
Beginning of the heavy rains . This beginning is char act eriz ed by an 
increase in rainfall frequency and intensity. The term "heavy rains" is 
used by the local population , but , apa r t from an incr eased quantity in 
each rain, it is primarily the increased frequency of the rains that is 
important. The timing of this event is important, as it determines the 
maximum number of growing days (growth usually stops in September), thus 
directly influencing production. 
Figure II-3.1 shows t hat t here a re no sudden changes i n c l i matic 
conditions, apart from rainfall. Air humidity increases gradually from 
25% in May to 75 % in August . The maximum temperature falls from 40°C to 
30°C over a few weeks, but this obviously results from increased humidity 
caused by the rains . Therefore the only explanation for the triggering of 
growth, which is often very sudden, is rainfall. An incr ease in the 
number of rain events influences several processes simultaneously (such 
as increased infiltration and decreased evaporation), and these processes 
together result in a sudden increase in soil . water storage (see Figure 
III-8.1). In all years of our observations (1976- 1979), including the dry 
years, the moment when growth suddenly began was very distinct. At the 
time of this abrupt increase in soil water storage, there are two 
possible situations: 
There are enough living seedlings (with an aerial biomass of a few 
hund r ed kg •ha- 1) fr om a ger mi na t ion flush pr ior to t his t ime . Growth 
will therefo r e be exponential only fo r a f ew days, after which the 
maximum value i s attained ( = linear growth) . 
There are no seedlings, or not enough, and a new germination flush 
takes place . In this case the growth rate will reach i ts maximum 
level only after one or two decades. 
The minimum soil water storage required for normal plant growth 
differs for sand and clay soils, since their water retention curves 
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Figure III-8.l, Soil water storage of a eandy eoil (S2) with 
unfertilized (natura!) vegetation and 
fertilized (NPK) vegetation during the year 
1977. 
differ; generally, the water retention is higher for clay than for sand . 
This could lead to the assumption that growth in clay soils always starts 
later than in sandy soils, since more water is necessary to satisfy the 
L.T.V. On the other hand, runoff often occurs on sandy soils, but not on 
clay soils, where there may even be water accumulation (run on). 
Infiltration on clay, therefore, is often higher than on sand. The 
overall effect of the combination of these two factors is unpredictable, 
and the situation is complicated further by the presence or absence of 
seedlings. Generally, these counteracting effects balance each other out, 
so that the beginning of growth is at the same time on sand and on clay. 
Our present knowledge of the processes active during this period is 
inadequate for a full understanding of germination and establishment. 
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Figure III-8.2. Indication of germination fluehee (G) and the 
beginning of the grand period of growth (C) baeed 
on rainfall dietribution, during 1976-1979. The 
nUlllbers indicate average production (in kg•ha-1), 
Oct. 
(The subject will be discussed further in Chapter V) . The result is that 
we cannot predict exactly the moment of germination, the species 
composition in a particular germination flush, or seedling mortality in 
the event of drought. Unfortunately, then, it is impossible to predict 
whether seedlings will be present when the grand period of growth begins. 
Nonetheless, we can interpret and explain the beginning of growth as 
observed in the sand and clay fields at :t-iiono from 1976 to 1979 (see 
Figure III-8.2). 
1976 (normal year). There are few observations during this first 
year of experiments; the following, therefore, are only hypotheses. In 
the second decade of June, germination is abundant, resulting from good 
rainfall. A dry period of two decades follows. On clay, with about 15% 
run on, this dry period is not too serious, and most of the seedlings can 
be expected to survive. Thus, when the rains resume (second decade of 
July), the grand period of growth starts immediately on the clay soil. 
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Figure III-8.J . Soil moisture profiles on eend in 1977. 
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On sandy soil, however, with high runoff (Sl south, on a slope), 
infiltration during June is insufficient to enable most of the seedlings 
t o survive. Therefore a new germination flush is required before the 
grand period of growth begins. It was indeed observed in the field that 
the grand period of growth began a decade later on the sandy soil than on 
the clay soil. 
1977 (dry year ) . The 1977-1979 observations of germination are 
indicated by arrows in Figure III-8.2. On clay there was already some 
germination at the beginning of June , but the prolonged drought killed 
most of the seedlings, so a new germinaton flush ensued in July, and the 
grand period of growth began at the end of that month. 
On sand S2, there were also some seedlings at the beginning of June. 
Since the rainfall was slightly higher than on the clay soil, and since 
the water availability was favourable on this sand, some seedlings 
survi ved the dry period and the grand period of growth could start 
immediately in July. The situation in 1977 was thus the opposite of that 
of 1976. The grand period of growth began a decade earlier on sand than 
on clay. 
1978 (normal to dry year). Growth began at approximately the same 
time on sand and clay. A fairly abundant germination flush was observed 
at the beginning of June and even before that, in April/May. 
Unfortunately, most of the plants did not survive the June drought, and 
in July a new germination flush had to take place before the grand period 
of growth could begin. If the period of germination and establishment has 
to begin anew when the rains intensify, growth is delayed, reducing the 
grand period of growth by one or two decades . 
1979 (dry year). This year was very similar to 1978 in distribution 
of rainfall at the beginning of the season. Again, growth on sand and 
clay began at approximately the same time. 
In Figure III-8.2, we have also indicated primary production for 
1976-1979 on sand and clay. The above observations on the incidence of 
rainy and drought periods, germination, and the possible differences in 
the beginning of growth on sand and clay, give us a better understanding 
of differences in production, which cannot be explained solely by annual 
rainfall. 
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The grand period of growth. This period is often characterized 
by linear growth. Under natural conditions, the growth rate is 
35-50 kg•ha-l·d-1. 
That rate may be significantly increased by the application of 
fertilizers. 
The growth pattern on natural rangeland at ~iono is such that water 
storage in the soil profile stays at a high level (see Figure III-8.3). 
It must be taken into account that the year 1977 was drier than usual, 
and that the field has more than 20% runoff. 
Soil water is not depleted. ~ith fertilizer application, production 
increases considerably, as does transpiration. Under those conditions 
transpiration often approaches the potential value . 
This means that during normal years at Niono, production is limited 
by lack of nutrient elements rather than by lack of water. During very 
dry years, such as 1977, and where there is runoff, produc tion wi th 
fertilizer application is lower than the potential, though still much 
higher than production under natural conditions. Whilst soil water is 
generally not depleted by the natural vegetation in the southern Sahel, 
the same does not hold for the north. 
The majority of the plants mature by September. Decreasing growth 
rates during that period are accompanied by decreases in transpiration 
caused by closing of the stomata. 
Plants obtain most of their water from the upper soil layers, since 
those are the only ones wetted after each rain. water consumption always 
begins in the surface layer. ~hen this layer dries, the roots lose their 
absorption capacity, and the plant searches for water in the deeper 
layers. If the surface layer is wetted again, the plant forms new roots. 
The presence of many roots in the surf ace layers is due to several waves 
of growth following successive wetting and drying cycles. Consequently, 
50% of the root biomass is in the 0-10 cm lay er, and only 10% be low 
40 cm. The pattern of root water extraction from the soil is a 
consequence of this distribution. The conclusion is that plants can form 
additional roots reaching at depth, but strongly prefer the surface. This 
preference cannot be explained by a lack of available phosporus and 
nitrogen in the deeper layers of the soil. 
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End of growth, dry season. The end of plant growth is determined by 
the end of their growth cycle or by lack of water . As already explained, 
in the s outhern Sahel lack of water is ex tremely rare under natur al 
conditions, since growth is limited by other factors . liowever, water 
shortage is the rule in t he no r ther n Sahel . 
The water remaining in the soil at the end of the growth cycle of 
annual plants can be used by he r baceous pe r enni als , which have a longer 
cycle , and by trees. Tree r oo t s a r e ma i nl y in the 6cr- 150 cm l ayer, wh i ch 
is wet nearly every year . The residual water in the soil allows regrowth 
of certain herbaceous pe rennials and trees during t he ho t, dry season. 
This high- quality biomass is ver y important for animal husbandry when the 
annual s are of a very l ow quality . 
In addition to consumption of residual water by species other than 
annuals, the soil loses water by evaporation . Nonetheless, it sometimes 
happens that s ome water remains in t he s oil l ong enough t o be of use 
during the next i rowing season . 
The presence of t r ees decr eases f r om the south to the north of the 
Sahel. When no residual water is left in the soil, trees cannot live. 
This is already the case at an annual rainfall of 200 mm on soils with 
uniform infiltration. On more heterogeneous soils, tree density decreases 
where there is runoff and increases where there is run on. 
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IV. TBE AVAILABILITY OF NUTRIENT ELEMENTS 
1. Int r oduc t ion 
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3 . Phosphor us 
4. Plant requirements for N and P and the P/ N 
ratio 
5. Range land produc tion in re lat ion to soil 
fertility and the length of the growing 
period 
6 . Consequences of the N and P balances fo r 
actual production 
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IV .1 THE AVAILABILITY OF NUTRIENT ELEMENTS 
Iv.1 Introduction 
As already stated in Chapter II.l, plants require nutrient elements. 
If these elements are available in insufficient quantities, growth 
decreases. 
In the previous Chapter, we determined growth (and production) as a 
function of available water; it was not limited by the availability of 
nutrient elements . This situation was possible thanks to the use of fer-
tilizers . This in itself implies that the availability of nutrient 
elements is less than optimal. We wish to determine whether growth is 
restric ted by a lack of nutrient elements, and, if so, which nutrient 
elements are lacking. In order to answer these questions, we can apply 
the nutrient elements (the macro- and micro-elements mentioned in 
Chapter II.l), separately or in combination, and compare the results with 
a control . Table IV-1.1 shows the results of such an experiment in Niono . 
They indicate that at one location (S1), the application of phosphorus 
does not increase production, whereas at other locations (Sz and D1), 
production is increased by the application of phosphorus. Application of 
nitrogen increases production also, even more than application of 
phosphorus. Optimal production is obtained, however, when nitrogen and 
phosphorus are applied in combination. The application of other nutrient 
elements (such as K, Ca, etc . ) has no significant effect on production. 
Thus we may conclude that actual production is primarily limited by 
nitrogen and phosphorus . The availability of these elements and plant 
requirements are the determining factors for growth and production . 
The effects of the amounts of nitrogen and phosphorus in the soil, 
their loss or addition, and their availability during the rainy season on 
plant growth will be discussed in section IV.2 (nitrogen) and 
section IV.3 (pho sphorus ) . 
Nitrogen and phosphorus are essential components of active cells: 
both are present in nucleic acids, N is present in enzymes, and P in 
the molecules tha t transport energy for enzymatic reac tions. Plant 
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Table IV- 1 . l. Production (kg DM •ha-1) without applying 
fertilizer (0), with application of phosphorue 
(90 kg P•ha- 1), nit r ogen (300 kg N· ha- 1), 
phosphorus and nitrogen (90 kg P•ha- 1 and 
300 kg N·ha-1) , and other nut r i ent el emen te 
0 90 p 300 N 90 P + 300 N other eleaente 
sand S1 2300 2300 3250 6000 2300 
(197 6) 
sand S2 22 50 2600 2800 6000 22 50 
( 1977) 
cl ay o1 1800 3200 4000 9500 1800 ( 1978) 
requirements for these elements vary according to their stage of 
development. For each developmental stage exists a maximum and minimum 
c oncentration of these elements i n plants. At t he maximum con centration, 
optimal growth is possible . If the concentrations a r e low, growth is 
reduce d; a t the minimum concent r ation, g r owth ceases . 
The two elements are closely interrelated; they are involved in the 
same processes in the active cells of plants . This means that the P/N 
ratio in plants is of utmost importance for growth, as has already been 
demonstrated by the results shown in Table IV- 1.1. Although the 
application of N and of P increased production, optimal production was 
obtained when both elements were available in sufficient quantities at 
the same time . Plant requirements for N and P, and the relation between 
these two elements, will be discussed in section IV . 4 . 
In section IV.5, we shall attempt to show the link between the 
processes invol ving ni trogen and phosphorus, the availab i li ty of these 
elements in the soil during the rainy season, and plant requirements for 
t h e s e elements . I n view of the complexi ty of the pr ocesses i t i s 
i mpossible to r elate the availability of N and P in the soil di r ectly t o 
t h e growth ra t e; thus we ca nnot const r u c t a s i mpl e mode l fo r ca lcula ting 
a ctual production. In Volume II , however , a theoretical model is 
developed as an aid to understand the major processes and the variations 
in actual production from year to year and from the south to the north of 
the Sahel. 
108 
Further analysis enables the development of an equation to estimate 
average production on the basis of the rainfall. As compared to existing 
equations (see section I.8), this equation gives a better understanding 
(section IV.6) of actual pr oduction . 
IV.2 Nitrogen 
IV .2.1 Introduction 
PPS has observed that the vegetation in natural rangelands absorbs 
only 10- 35 kg N•ha- l •yr- 1. Although there is as much as 300- 3000 kg 
N· ha- 1 in the upper layers of the soil, apparently only a small fraction 
of the total N in the soil is available for the plants. In Section 2.2 
the processes determining the availability of nitrogen in the soil and 
attempts to quanti fy these processes will be discussed . 
In order to understand long-term changes in productivity due to soil 
exhaustion, the processes which increase or decrease the soil nitrogen 
store are discussed (Section 2.3). 
These processes, together with the stores of the various forms of N 
in soil and plants, are known as the nitrogen balance . 
Figure IV- 2 .1 shows this balance. 
distinguished there: inorganic N in the 
which is present in soil organic matter 
and lignin). 
Two forms of ni trogen can be 
+ 
soil (NH and 
4 
and in plants 
NO ) and organic N, 
3 
(mainly in proteins 
Iv.2.2 Transformations of N in the soil 
Figure IV-2.1 shows the transformations of the various forms of N in 
the soil, which are the most important for annual plant production. 
+ 
Plants absorb N only in its inorganic form (NO and NH ) • Thus only the 
3 4 
inorganic fraction of the soil nitrogen is important for plant growth. 
The amount of inorganic N in the soil depends, however, on a microbial 
process: the decomposi ton of organic mat ter. Micro-organisms transform 
fixation 
volalili-
zation 
3 
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volatilization 
fixation 
denitrification 0 
fixation 
immobilization 2 
- ---------- microbes ~1~1 ~--------
Figure IV-2.1. Diagram of the nitrogen balance in natural 
rangelands of the Sahel. The processes and most 
important N stores are indicated by a ~ and 
c::J respectively. The numbers in the symbols 
give a ro ugh indication of the intensity of the 
process (in kg N•ha-l•yr- 1) and the stores (in 
kg N•ha-1), approximately at the middle of the 
growing season in Niono. 
+ 
SOIL 
organic N into inorganic N (NH ): mineralization . Or, they transform 
+ 4 
inorganic N (NH ) into organic N: this is known as immobilization. which 
4 
of the two prevails depends on the qua lity of the or ganic matte r 
decomposed by the micro- organisms . Another important process is 
+ 
nitrification, a microbial process whereby NH is t r ansformed into NO . 
4 3 
This process is particularly significant, since plants can take up 
+ 
NO more readily than NH • 
3 4 
IV.2.2.1 Mineralization and immobilization 
Soils are often characterised by the C and N contents of their 
organic matter. Indeed, the quality of organic matter is sometimes 
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Figure IV-2.2. Decomposition of organic matter in relation to 
the C/N ratio. 
expressed as the weight ratio of C to N. The C/N ratio in Sahelian soils 
varies from very low in certain areas ( C/N = 5, i.e., high quali ty 
organic matter) to very high in others ( C/N > 40, i.e., low quality 
organic matter). 
As discussed previously, the quality of the organic matter plays an 
important role in the decomposition process. In the soils of temperate 
+ 
climates, an accumulation of NH is observed (in the absence of plant 
4 
uptake) if the C/N ratio of the soil organic matter is less than 16 (net 
+ 
mineralization), and a decrease in NH if the C/N ratio of the soil 
4 
organic matter is more than 16 (net im.mobilization; see Figure IV-2.2). 
This value, 16, which is the boundary between net mineralization and 
net immobilization, results from the fact that (1) the C/N ratio of the 
bacteria causing these transformations is 8, and (2) that approximately 
1 
1 
1 
1 
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25 
Figure IV-2.3. Time course of mineralization (~~) 
and immobilization witho ut vegetation 
( - ----) and with vegetation ( •••.• ) 
during the rainy season (a) and the 
resulting inorganic N in the soil (b). 
Soil moiature content is indicated. 
month of year 
half of the C consumed by the microbes is retained in their molecular 
structure, while the other half is respired and released as COz. The 
organic matter in the soil is quite heterogeneous; some of it has a high 
C/N ratio, and is resistant to decomposition (humus and buried the plant 
remnants: C/N = 50- 100; <lead r oots: C/N = 40- 60), and some has a low 
ratio and decomposes easily (e.g., <lead bacteria) . This explains why 
mineralization and immobilization can take place simultaneously in the 
soil. It is the relative magnitude of both processes that determines 
whether net mineralization or net immobilization takes place. The 
heterogeneity of the organic matter in the soil also means that the 
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mineralization and tmmobilization processes . 
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ave rage C/N ratio , determined in standard soil analyses, gives only a 
rough indication of its quality. 
The rate of mineralization depends on the quantity of organic matter 
present, and on its specific rate of decomposition. The latter is heavily 
influenced by the moisture status of the soil, the temperature, the 
composition of the organic matter, and the mineral composition of the 
soil . These factors also influence the rate of immobilization. Too little 
is known about either of these factors to quantify these processes 
properly. In the soils of semi-arid zones, another aspect of these 
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processes is of considerable importance. Birch (1958, 1959, 1960) found 
that net mineralization, accompanied by C02 production, is considerably 
stimulated when the soil is wetted following exposure to high 
temperatures in dry conditions. 
Figure IV-2.3 shows the time course of mineralization and 
immobilization during the rainy season, which results in a temporary 
accumulation of inorganic N in the soil, which was observed by Birch. 
There are several hypotheses that may explain this phenomenon: 
(1) Part of the organic matter in the soil is in the form of a gel. 
During the dry season, the structure of the gel is affected, exposing a 
greater surface to microbial action. When the soil is wet, the gel 
structure slowly regains its pre- rainy season form . (2) Dryness , at high 
temperatures, partially sterilizes the soil. When the soil is rewetted, 
the <lead bacterial biomass decomposes rapidly; due to its low C/N ratio, 
net mineralization occurs. 
The existence of a temporary excess of mineral N implies that the 
availability of inorganic N is not constant, but reaches a maximum during 
the rainy season. Obviously, plants that develop early can absorb more N 
than plants developing at a time that the N is already immobilized. 
Some observations concerning this phenomenon have been made at the 
Ranch under vegetation. The results are shown in Figure IV-2.4. The 
+ 
levels of NH and NO in the soil, on which these graphs are based, were 
4 3 
determined in samples from the 0-20 cm soil layer, cooled immediately to 
< 4 °C and transported to the laboratory. The temporary accumulation of 
inorganic N in the soil is clearly visible in the clay soil, but less 
apparent in the sandy soil. In Figure IV-2.4 the nitrogen absorbed by the 
plants is superimposed on the amount of inorganic N in the soil. These 
observations do not confirm Birch's findings. Net mineralization appears 
to be proportional to the cumulative rainfall until flowering. 
Accumulation of inorganic N in the soil can be observed at the beginning 
of the rainy season, but that is because there are not yet any plants to 
absorb it. 
The amount mineralized in non-ferti lized soils was thus of the order 
of 10- 30 kg N·ha-1. The available data do not permit generalizations 
about the magnitude of the temporary accumulation of inorganic N in 
various soils. From the literature (Bi rch, loc. cit.) and our own 
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experiments, it may be concluded that a positive correlation exists 
between the N content in the soil and the magnitude of the temporary 
+ 
accumulation of NH • However, factors such as the C/N ratio of the 
4 
organic matter, rainfall, and plant uptake must definitely be taken into 
account in determining the ma gnitude and duration of the accumulation . 
rv.2. 2.2 Nitrification 
+ 
NH in the 
4 
soil can be transformed into NO by chemilithoauto-
3 
tro phic bacteria. This transformation, called nitrification , takes place 
i n t wo phas es , each carried out by a different s pec i e s o f bacteria : 
+ 
NH + 1.5 02-NO + 2H+ + H20 
4 2 
( Nitrosomonas) 
NO + 0.5 02 - NO 
2 3 
(Nitrobacter) 
These reactions provide energy for bacterial growth. The rate of 
+ 
nitrification is determined by the amount of NH , the presence of organic 
4 
matter (which of ten acts as an inhibiting factor), the moisture status 
and pH of the soil, and the temperature . There is no direct impact on the 
C balance in the soil, nor on the total quantity of inorganic N. The 
+ 
indirect consequences are considerable, since NH is less mobile than 
4 
NO , and this is an important factor for plants. 
3 + 
Determination of the NH and NO content of several 
3 
soils at 
+ 4 
Ranch (see figure IV - 2 . 4 . A and B) shows that only part of the NH is 
4 
the 
nitrified during the rainy season: approximately 2/3 of the inorganic N 
remaining in the soil after the rainy season of 1976 was in the form of 
+ 
NO , a nd 1/3 in the form of NH . During that ye a r the soil remained wet 
3 4 
for a long time , allowing nitrification to continue until November . 
+ 
The reason that NH is only partially nit r ified in non- fertili zed 
4 
soils may be its very low concentration (several mg •kg-1 of soil). Also, 
the presence in the soil of certain forms of organic matter has an 
inhibiting effect: for example, reaction products of partially decomposed 
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straw and roots (Odu, 1970). These products may possibly decompose 
completely in the presence of inorganic N from fertilizers. Experiments 
+ 
on various soil types at the Ranch have shown that nitrification of NH 
4 
(applied as (NH4)2 S04) is strongly inhibited by the presence of large 
+ 
quanti ties of straw. NH can be absorbed by clay minerals (Van Veen, 
4 
1977) . However, the absorption capacity of types of clay minerals 
prevalent in Sahelian soils is very low; th~refore ~hemical absorption is not 
consicered to be the cause of incomplete nitrification. 
Iv.2.2.3 Uptake of N by plants 
Plants take up only inorganic N from the soil. Uptake by plants 
proceeds simul taneously to the absorption of inorganic N by microbes 
during their growth. Thus there is direct competition between both groups 
of organisms. Experiments with fertilizers have shown that on various 
soils -the annual vegetation takes up approximately half of the 
inorganic N applied. Considering that the vegetation begins each year 
from seedlings with only very restricted root systems, this is a 
remarkable achievement. In the case of perennials, one can expect a 
higher proportion of the inorganic N to be taken up, since their roots 
are already present at the beginning of the temporary accumulation. 
It has 
+ 
than NH . 
already been mentioned that plants take up NO more readily 
4 
difficult 
Figure IV-2. 4 shows that the nitrification of 
in clay soils. This explains why N uptake by 
3+ 
NH into NO is 
4 3 
plants was lower 
in clay soils than in sandy soils during that year (1977), despite the 
fact that the total amount of inorganic N was higher in the clay soil. 
IV.2.3 Losses and additions of nitrogen (see Figure IV-2.1) 
IV.2.3.1 Rangelands receive nitrogen from: 
Atmospheric contributions 
Nitrogen is found in various forms in the atmosphere: 
+ + 
NH3/NH , NO , etc. In particular, nitrogen in the form of NH3/NH and 
4 3 4 
1 16 
+ 
NO enters the soil by rain, and NH may be added as a result of dry 
3 4 
deposition . 
The nit r ogen contribution of rain is estimated at 0 . 0065 kg 
N•ha- l·mm- 1. 
Nitrogen fixation by legumes 
Legumes can fix atmospheric nitrogen (N2) in symbiosis with bacteria 
(Rhizobium spp . ) . These bact eria are present in t he nodules of the r oo t 
system of legumes . In Table IV- 2 . 1 some leguminous species that are 
important i n the Sahel a r e listed, with some data on their frequency and 
nodulation . well- nodulated legumes fix atmospheric ni trogen, hut may 
simultaneously take up inorganic N fr om the soil. The ratio of the two 
depends on such factors as the amount of inorganic N available in the 
soil for plants, competition for this inorganic N by non- fixing plants, 
nodulation rate, and the efficiency of fixation. 
Of the nitrogen in legumes at the end of t he growing season a bout 
75% is fixed, provided they constitute a minor proportion of the 
vegetation (legumes r epr esenting 5% of the biomass at the end of the 
growing season). If there is less competi tion from non- fixing plants, 
i.e., legumes constitute most of the biomass, the fixation percentage may 
drop from 75% to 40%. 
If 5% of the biomass consists of legumes, an estimated 75% of the 
leguminous nitrogen has been fixed at a rainfall of 600 mm and over, a 
composition which drops to 50% when the rainfall is 100 mm. 
Fixation of nitrogen by algae 
With the exception of the light textured soils in the north, nearly 
the whole surface of the Sahel is covered by a crust . This crust contains 
an al gal flora, particularly blue-green algae , some of which can fi x 
atmospheric nitrogen. 
The amount of nitrogen fixed during the rainy season depends, among 
other things , on the densi ty of the fixing algae, the time the soil 
sur face is wet, t he light intensity, and the concentration of inorganic N 
in the crust . 
It is estimated that nitrogen fixation by algae in the Sahel during 
the rainy season amounts to 0.002 kg N· ha-l · mm- 1 of rainfall. 
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Table IV-2.1. Important legumes in the Sahel, their frequency 
and nodulation 
1) a: widespread and abundant; b : specific habitats and abundant; 
c: widespread and sparse 
2) (+): most of the plants have pink noaules; (-): no nodulatioo 
)) No nodules ever found in spite of numerous attempts 
Herbaceous stratWJ Ligneous stratum 
frequency nodules frequency nodules 
l) 2) 1) 2) 
Ca esal- Cass i a tora a Pi l i os tigma reticu latum 
piniaceae Cass i a mimosotdes b + b 
Papilionaceae Tephrosia braoteolata c + Pterooa.rpus luoens a + 
Sesbania dalzi elii b + 
Indigof era astragalina b :!: 
I ndigof era aspera b + 
I ndigof era diphylla c + 
Indigofera senegalensis c + 
Indigofem prieureana b + 
Stylosanthes muoronat a c + 
Zornia gloohidiata a + 
Aesohynomene indioa c + 
Alysioarpus ovalifolius b + 
Kimosaceae Aoaaia seyal a ?3) 
Aoaoia senega l b ?3) 
Aoaoia raddiana a ?3) 
Aoaoia nifotioa b ? 
Aoaoi a ata:caoantha b ? 
Nitrogen fixation by free living bacteria 
In addition to the nitrogen-fixing micro-organisms which live in 
symbiosis with legumes, there are a number of species of free living 
bacteria which also fix nitrogen. Two major groups can be distinguished: 
1. Free living bacteria associated with plant root systems. The energy 
required for fixation is directly supplied by the plants in the form 
of exudates. The amount of nitrogen fixed is thus a function of the 
biomass. Nitrogen fixation is estimated at 0.0001 kg N per kg of dry 
matter produced. 
2. Free living fixing bacteria . The energy necessary for fixation is 
provided by plant remnants incorporated in the soil. It is estimated 
that these bacteria fix 0.00025 kg N per kg of dry matter 
incorporated 
IV . 2.3.2 Losses of nitrogen from the system: 
Volatilization of NH3 
NH3 volatilizes from plants (direct losses) or from urine and 
faeces, i.e., the residues of plants grazed by animals (indirect losses). 
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1. Volatilization of NH3 from plants 
During the dry season, N is lost from plants . Before the first rains 
at the beginning of the new rainy season, the percentage of N in the 
the straw has fallen, sometimes to values as low as 0 . 1%-0 . 2%. Due 
to the low N content , microbial decomposition canno t occur . It is 
assumed that these nitrogen losses are due to volatilization of NH3 
f rom pr oteins deg r aded unde r high t emper atur es -- a spontaneous 
proce ss -- with a r ate i n the orde r of 0 . 05 %-0 . 15% of t he proteins 
per day. This means that 25% of the N present in the biomass at the 
end of the r a i ny season i s vola tilized by t he beginning of the next 
rainy season, in the absence of bush fires and exploitation. 
2. Volatilization of NH3 from urine and faeces 
Only a small part (2%-4%) of the total N in the biomass grazed by 
cattle is assimilated. The rest (96%-98%) is excreted in urine, 
f aeces, and mi l k. Pa r t of t he N i n t he ur ine and faece s i s los t fr om 
the system by volatilization of NH3. Similar ly, the N in the milk is 
lost from the system, although this is a negligible amount. However, 
the nitrogen losses from faeces and urine due to volatilization of 
NH3 can be considerable. 
The distribution of nitrogen between urine and faeces is 70% and 
30%, respectively. 
+ 
The urine has a pH of 8-8.5. At such a pH, NH is transformed into 
4 
NH3 (gas) relatively quickly. This means that a sizeable proportion 
of the nitrogen in the urine is transformed into gas before it can 
penetrate the soil. Moreover, due to the crust and the associated 
hydrophoby, the urine remains on the soil surface for a long period. 
An estimated 75% of the nitrogen from urine is volatilized. Thus 50% 
of the nitrogen in the grazed biomass is lost through the 
volatilization of ur ine (98% x 70% x 75%). 
The faeces of cattle contain approximately 1% nitrogen on a dr y 
mat ter basis . Dry matt er , with a C/N ra tio of 50, l i ke f a eces, 
1 
1 
1 
1 
1 
1 
1 
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requires considerable microbial decomposition before sufficient 
+ 
inorganic N (such as NH ) has accumulated to bring about 
4 
volatilization of NH3 . Before this volatilization can occur, most of 
the faeces have been incorporated in the soil by insects such as 
termites and coleoptera. For t his reason, nitrogen losses from 
faeces due to volatilization are negligible . 
Thus a total of 50% of the nitrogen in the biomass grazed by 
livestock is lost f r om the system . 
In addition to livestock, insects --particularly termites- -
also f eed on t he r angelands . The magnitude of NH3 volatilization 
fr om insect excrements is not known; however, given the low pH of 
the soil (pH S.S- 6 . S) , it is not thought to be of significance. 
Nitrogen losses due to fires 
Dur ing bush fir es , more than 90% of the nit r ogen in the plant 
remnants is lost from the soil- plant system . The nitrogen is transformed 
in to NH3 and NOx. In rangelands under annual grasses, nearly all the 
biomass is lost during fires. The sterns of perennial grasses often remain 
unburnt, especially if the fires occur relatively early in the dry season 
(November- December). 
Losses of nitrogen through denitrHication 
In the presence of NO and organic matter, and in the absence of 
3 
oxygen, specific bacteria transform NO according to the reaction: 
3 
10 H+ + 2H+ + 2NO - Nz + 6 HzO 
3 
Anaerobiosis develops when the oxygen requirement ( respiration by 
bacteria and plants) is higher than the amount of ox ygen transported by 
diffusion from the atmosphere into the soil . 
Denitrification is a common phenomenon in fai r ly wet soils rich in 
organic matter. In the Sahel , conditions for denitrification are most 
favourable in depressions. Denitrification has been demonstrated in these 
areas in an experiment with NO fertilization . The efficiency of uptake 
3 
of NO by plants was found to be low, when compared to urea (Penning de 
3 
Vries et al . , 1980). Outside depressions, the soil is very wet only 
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immediately after a rainfall, and the activity of micro-organisms is very 
high only after the first ra ins, following a long dry period. In such 
soils, denitrification will occur only at the beg inning of the rainy 
season. 
When denitrification occurs in the soils of the Sahel, its rate 
is considerably reduced due to low concentration of NO in the soil. 
3 
Frequently , the NO level is not higher than a few mg per kg of soil, and 
3 
the reaction constant for denitrification (Ks) is between 4.6 and 
48.7 mg NO •kg-1 of soil (Kohl et al., 1976). Since the yields with NO 
3 3 
and urea fertilization were similar, denitrification is considered to be 
negligible in the Sahel (apart from the depressions). 
Nitrogen losses due to leaching 
With the exception of depressions and coarse sands, water rarely 
penetrates deeper than 1-2 me tres in the Sahelian soils. Thus salts, 
including NO , are seldom carried beyond the range of grass and tree 
3 
roots. Consequently, there is no loss of nitrogen due to leaching. 
Nitrogen losses due to erosion 
Soil erosion, due to wind or water, is another cause of nitrogen 
losses. The soil erodes primarily from the top layer, which is relatively 
rich in organic matter. Erosion is generally more severe where there is 
less vegetation. On the other hand, soils with sparse vegetation are 
often those most readily forming surface crusts, which offer considerable 
protection aadditionst erosion. Erosion losses were not considered within 
the framework of PPS . 
IV .3 Phosphorus 
IV.3.1 Introduction 
PPS observed that natural vegetation in the Sahel takes up only 
1-2 kg P·ha- l.yr-1 during the growing season, despite the presence of 
recirculation o, 1 exploitation 
recirculation uptake 
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Figure IV-3 . 1. Schematic representation of the transformatione 
of P in the soil ànd its uptake by plante end 
microbes. Pis present in soils in inorganic 
forms (right- hand block) and in organic forms 
(left-hand block). The processes in the 
inorganic block are chemical equilibrium 
reactions; the processes in the organic block 
are mi crobial reactions. Only the soluble 
inorganic form of P is taken up by plants and 
bacteria. Recirculation of organic P from the 
plante and bacteria and livestock excrements 
occurs mainly in the organic block, and to a 
small extent directly in the form of soluble 
inorganic P. The numbers indicate typical valuee 
for the 0-20 cm soil layer at Niono for 
quantities (in kg P•ha-1,c:::==:::j) as well as for 
ratee of t ransformation (kg P•ha-l•yr- 1,c:::::><l)· 
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several hundreds of kilogrammes of P per hectare in the upper layer 
of the soil. The different forms of P in the soil are discussed in 
Section 3.2. Apparently only a small fraction of the total P is available 
to plants. In Section 3. 3 the processes whereby P in the soil is made 
available to plants are discussed, and attempts are made to quantify 
them. The processes which increase or decrease the soil P storage have 
not been studied in detail; only the effects of fertilization and the 
transport of P by grazing on loss es or addi tiens to the soil have been 
studied. The long-term effects on productivity will be discussed in 
Sections 3 . 4 and 3 . 5. These processes and t he quantities of the various 
forms of P in soils and plants are cal led the phosphorus balance. 
Figure IV-3.1 is a schematic representation of this balance. 
Two forms of P can be distinguished in this figure: an inorganic 
form (right-hand bleek; figure IV-3 .1.) and an organic form (left-hand 
bleek: Figure IV-3.1). 
IV.3.2 The different forms of P in the soil 
Beek (1979) distinguishes three main forms of inorganic P: labile 
inorganic P (LIP), stable inorganic P (SIP), and mineral inorganic P 
(MIP). MIP consists of phosphorus in the parent material and Al, Fe, and 
Ca phosphates, which are highly insoluble. SIP and LIP are phosphates 
with much higher transformation rates than MIP. 
Cole et al . (1977) distinguish three forms of organic P in the soil, 
in addition to that in the root system: a stable form (SOP), a labile 
form (LOP), and P in living micro- organisms (MCP). SOP consists of P in 
the organic matter of plants, microbes, and <lead animals, which 
decomposes very slowly due to its resistance t o microbial action . LOP is 
P in its most easily decomposable organic forms. The decomposition of LOP 
and SOP are biological processes. 
The SOLP form (soluble P), formed by the decomposition of LOP or by 
the dissolution of LIP and SIP, links the organic to the inorganic forms. 
- 2-
It is taken up by plants and microbes (as HzPO and HPO ) , which return 
4 4 
P to the soil as SOP and LOP. 
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IV.3.3 Transformations of P in the soil and quantification of its 
various forms 
Figure IV-3.1 shows the transformations of the various forms of Pin 
the soil which are most significant for plant pr oduction in a given year. 
2-
Since plants take up P only in its inorganic form (HPO , H2PO ), only 
4 4 
the soluble form of P in the soil (SOLP) is significant for plant growth . 
However, the amount of SOLP in the so i l depend s on both physico- chemic a l 
and microbial processes (mineralization of 
as s i milat i on of SOLP by mic r o- or ganisms) . 
organic matter and 
Most of the P taken up by pl ants originates from the 0-20 cm s oil 
l ayer . For this reason all the numbers and data given below are based on 
this soil depth. The distribution of P in th~ s oil is fairly 
heterogeneous, s o that sampling is more of a problem with P than with C 
or N. In view of t he exploratory nature of our research on phos phor us , 
not much attention has been paid to this variability. 
In Sahelian soils total P ranges from 30 to 600 kg P·ha- 1. Clay 
soils, with an average value of 400 kg P•ha- 1, are usually richer than 
sandy soils, which average 120 kg P •ha-1. The soils of the savanna are 
also poor in P, containing 240 to 450 kg P·ha- 1 (Kowal and Kassam, 1978). 
The quanti ties of total organic P (LOP + SOP + MCP) have been 
determined in various soils of the Ranch at several depths. The 
quantities of C and N have also been measured. Typical results are given 
in Table IV-3.1. In sandy soils, total P increases slightly with depth: 
20% to 25% of the P is in the organic form; the remainder being inorganic 
P. This distribution sometimes changes in the sub-soil, as can be seen in 
clay soils . 
There are no analytical methods for frac tionating organic P in to 
SOP, LOP, and MCP, nor for fractionating inorganic P in t o MIP, SIP, and 
LIP . Therefore al l estimates are based on a combination of obser vations, 
t heor y , and liter a ture data . 
The extraction methods of Bray II (1948) and Olsen et al. (1954) 
determine a quantity of P, which dissolves rapidly. It is assumed that 
this fraction corresponds to LIP. In the upper layers of Sahelian natural 
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Table IV-3.l. Amounts of phosphorus, nitrogen, and carbon in 
a sandy soil (S2) and a clay soil (D1) in 
kg •ha-l •layer-l 
Soil type layer Total P Organic P Total N Total C (cm) 
Sand 0 - 20 180 35 405 5.400 
20 - 40 204 44 315 4.800 
40 - 60 204 330 3. 300 
60 - 80 240 240 3.600 
80 - 100 252 54 300 2.700 
Clay 0 - 20 265 65 960 10 .500 
20 - 40 288 50 690 5.400 
40 - 60 264 525 4.500 
60 - 80 221 510 4.500 
80 - 100 235 l 4 450 3.600 
rangelands, P-Bray values of 1 to 3 and even 7 ppm are found, i.e., 3 to 
9 and up to 21 kg•P ha-1. 
All these figures are low compared to those reported for soils in 
other zones, hut they are similar to results from other studies in the 
Sahel. 
The LIP value at the Ranch averages 7 kg•ha-1. About 40 samples of 
Sahelian soils, from the vicinity of Niomo du Sahel and Kayes in Mali, 
show the same variation in LIP values as of the Ranch soils; the Ranch 
soils are thus not exceptional. 
There is no direct method for determining SIP. On the basis of a 
ratio of 0.2 between the rates of formation and solution (see below), its 
concentration is assumed to be approximately 5 times as low as that of 
LIP, i.e., 1.5 kg P•ha-1. 
Thus the amount of P in mineral form (MIP) in the Ranch soils is on 
the average: 260 (total P) - 60 (organic P) - 7 (LIP) 1.5 (SIP) 
191.5 kg P'ha-1, and constitutes thus the largest P store . 
Using a method which will be explained below, it is possible to 
estimate the quantity of labile forms of Pin the soil, i.e., LIP+ LOP. 
For the 0-20 cm layer, values of 11 kg P • ha-1 we re found. Since LIP 
is equal to 7 kg P'ha-1, LOP is approximately 4 kg P·ha-1. The amount of 
P in microbes (MCP) is not measured, but can be estimated from 
Figure IV-2 .1: 
10 kg N·ha-1 
the mean P/N ratio in microbial tissue is 
in microbes are thus accompanied by 
0 .3, and the 
approximately 
3 kg P·ha-1 . The remainder of the organic P in the soil is in the stable 
form; SOP is thus equal to 53 kg P·ha-1. 
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The rates of transformation of P from one form to another vary 
greatly. They have not been measured in this project, and the numbers 
quoted below are based on literature data, and represent therefore only 
an order of magnitude. 
The decomposition rate of LOP is approximately 0.024 g SOLP 
g-1 LOP ·d-1 (Cole et al., 1977); the rate of transformation of SOP into 
LOP is 0.008 g LOP·g- 1 SOP·d- 1. Where the soil is wet for 60 days a 
year, as at the Ranch, mineralization can produce approximately 4 kg 
P•ha-l·yr-1. This value corresponds to Kowal and Kassam's estimate (1978) 
for savanna soils. 
As is the case with the mineralization of N, net mineralization of P 
can be ex pected at the beginning of the rainy season , and consequently 
production of SOLP (which rapidly exceeds its maximum concentration and 
precipitates as LIP) . Later, SOLP is absorbed by microbes and plants, and 
more SOLP is formed by the dissolution of LIP and the progressive 
decomposition of LOP. The exchange of P between LOP and LIP, MCP, and 
plants; must be of relative intensity and large quantities must be 
involved during the rainy season. However, we have no observations on 
this phenomenon . A coefficient of 4x10-6 g SIP·g-1 MIP·d-1 is suggested 
for the decomposition of MIP. This is a very low rate, which converts 
only about 0.2% of the MIP to SIP in a year. At equilibrium, the same 
quantity of MIP is reconstituted from SIP . Beek (1979) indicates that 
this reaction is relatively rapid (0.046 g MIP·g-1 SIP·d-1) once the 
amount of SIP has exceeded a minimum value, set in his case at 22 kg 
SIP•ha-1. Since this is a physico-chemical characteristic for a type of 
phosphate, it may be assumed that the same value is applicable to the 
Sahel. The maximum concentration of SOLP is very low, and the mean 
residence time of a molecule in this phase is very short. To simplify 
computations, SOLP is disregarded and the SIP-LIP conversion is expressed 
as 0.03 g LIP·g-1 SIP·d-1, and the reverse reaction as 0.006 g 
SIP·g-1 LIP·d-1. All physico-chemical reactions stop when the soil is 
dry. 
The availabili ty of soil P to plants is of ten estimated using 
methods based on analysis of soil extracts. One disadvantage of these 
methods is that it is not certain that the fraction of P determined 
is the same as that taken up by the plants. Moreover, these analyses 
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indicate only a fraction of the P in a particular chemical form at a 
given moment; the transformations which may take place during the growing 
period are not taken in to account. To overcome these problems a new 
method of analysis was developed. This procedure basically consists of 
incubating a quantity of soil for 30 days with a number of pellets, which 
absorb the P released during the incubation period. Following incubation, 
the amount of P absorbed is determined. In principle that would be the 
amount that can be taken up by plants. 
Using this method at Niono, we found that approximately 6-8 kg 
P•ha-1 should be available to plants. In fact plants have taken up about 
1-2 kg P•ha-1. This is not surprising, since not all the SOLP (soluble 
inorganic P) is available to the plants. Unlike NO , the rate of diffu-
3 
sion of P from the soil to the roots is negligible. Therefore uptake of P 
by plants depends on the volume of soil explored by their roots. This 
soil volume, in turn, depends on the root surface area, and thus on the 
stage of development of the plants. 
It is well known that the capacity of plants to take up P is 
increased when the roots form an association with fungi. Especially in 
soils where plant productivity is limited by a lack of P, root and fungus 
associations, known as mycorhizae, can enormously stimulate plant 
production. Mycorhizae are most often composed of fungi which constitute 
vesicular and fibrous structures both inside and outside the roots; 
mycorhizae of this type are termed VAM (vesicular arbuscular mycorhyza). 
The presence of fungi in the root system stimulates the uptake of P by 
increasing the absorptive surface of the roots. The presence of 
mycorhizae has been demonstrated, but despite this, plants cannot take up 
all SOLP which is theoretically available. 
IV.3.4 Fertilization with P 
The fertility of Sahelian soils is such that plant growth is limited 
by P, or becomes limited very quickly after fertilization with N. 
However, even in Sahelian soils, the quantities of total P are very large 
compared to the amounts taken up each year by plants. Fertilization with 
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several dozen kg P•ha-1 increases the total P by only several percent, 
but it can nevertheless increase the uptake of P by plants significantly. 
Several years after fertilization, a large part of the P applied has been 
transformed into a less soluble form, and the effect of fertilization 
disappears. 
Since Mali has large deposits of "natura! rock phosphate" (NRP), 
from which the phosphate is released very slowly, some experiments were 
conducted to compare the effect of this fertilizer with that of Triple 
Super Phosphate (TSP). ~hen plant growth is limited by P, about 20 times 
more P in rock phosphate than in Triple Super Phosphate must be applied 
to obtain the same effect. Some plots at the Ranch were fertilized with 
rock phosphate , and others with Triple Super Phosphate. The results 
indicate that when fertilized with 100 kg P•ha- 1 of rock phosphate + 
urea, plant growth (up to a production of 5000 kg DM•ha-1) was still 
limited by P, in contrast to the results obtained with the same amount of 
Triple Super Phosphate. 
IV.3.5 Phosphorus transport through exploitation 
Since the amount of P absorbed by plants is onl~ a small fraction of 
the total P in the soil, exploitation of this vegetation can only in the 
long term lead to changes in the soil P store. Under grazing the greatest 
part of the P in the eaten plant material is ~eturned to the area by the 
deposition of the excreta; a smaller part is transported to watering 
places and overnight camps. If half the amount of P in the vegetation 
(1 kg P ·ha-1 at the Ranch) is grazed, of which 40% is excreted at 
watering places and overnight camps , the loss is approximately 
0.2 kg P•ha-l·yr-1, or 0.1% of the total P in the 0- 20 cm layer. 
Exploitation over a fairly long term can cause a decrease in total P of 
the top soil layers of the exploited area. Total P was determined in some 
soil pro files, but there is no clear evidence of exhaustion of the 
surface soil as compared to the sub- soil. 
To illustrate the magnitude of soil enrichment around a watering 
place, the following calculation is made: the rangeland within a radius 
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Table lV-3.2 P transport due to exploitation 
Diatance from Nara Total P P-Bray Total N Total c · pH (KCl) 
village (Jan) 0/00 0/00 1. % 
0 0,515 0,045 0, 11 1 ,oo 7,0 
0,153 0,003 0,06 0,46 6,9 
2 0,095 0,002 0,06 0,46 5,8 
6 0,076 0,003 0,04 0,33 5, J 
of 6 km round a certain well is grazed for 100 years. Excrements are 
dropped within a 1 km radius around the well. In this case, the enriched 
soils have a concentration of approximately 0.08 + 0.24 = 0.32% P. Anal-
yses of the soils around the village of Nara are given in Table IV-3.2. 
In conclusion, one can say that the soil at a distance of 
1- 6 km from watering places will be depleted of P at a rate of about 0.1% 
per year of the total P in the 0-2 0 cm layer. From soils which are more 
than 6 km from the well vegetation may also be grazed, but the P which is 
taken up through grazing is returned to the system. Enrichment in the 
vicinity of watering places (often near villages) due to livestock 
activity enormously increases the possibilities for agriculture, so that 
agriculture benefits from animal husbandry. 
IV. 4 Plant requirements for N and P and the P/N ratio 
In Figure IV-4 .1, plant requirements for N and P are shown as 
percentages of these elements in the aerial biomass. Plants have a 
maximum and a minimum concentration; these vary slightly among species. 
Three groups are represented in the graph: grasses, legumes, and other 
dicotyledones. The maximum and minimum concentrations depend on the 
development stage of the plants. They decrease as the plants develop: the 
concentrations of N and P in seedlings are higher than those in flowering 
or mature plants. 
At a given stage of development, the actual concentrations of N and 
P in plants are between the maximum and minimum values. Maximum 
concentrations lead to optimal growth. If one or both of the nutrient 
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concentrations are below the maximum, the growth rate will decrease. The 
concentration of these elements depends on the amounts the plants can 
take up, and thus on soil fertility. 
Variations in the concentrations of N and P with age have not been 
observed in the root systems of annual grasses. On the contrary, the con-
centrations are relatively constant: 1.1% ± 0.3% N and 0.07% ± 0.03% P. 
For the roots of legumes and ether dicotyledones not enough data are 
available. Although relatively few observations are available on the 
roots of very young plants, it appears that the concentrations of N and P 
in the roots are more or less constant, and independent of soil 
fertility. The physiological explanation of this phenomenon is not known. 
The implication is that the amounts of N and P in roots are more or less 
constant from year to year; they amount to about 10- 20 kg N·ha-1 in the 
southern Sahel, and roughly half that amount in the north. These 
quantities are thus comparable to these in the aerial portions of non-
f ertilized rangelands. 
The decrease with age of the N and P concentrations in the aerial 
parts of plants is due to synthesis of tissues containing less proteins 
and nucleic acids and more fibres (stems), as well as to redistribution 
of N and P from older tissues to the growing parts. This redistribution 
is essential for seed production during the reproductive phase, since 
there is no uptake of N or minerals ( at least in the case of grasses) 
after flowering. Redistribution may be impossible on very poor soils, 
since the minimum concentrations have been reached already at the end of 
the vegetative period. This may explain the very low seed production 
observed in very poor soils in our experiments and elsewhere (Bille, 
1977; De Ridder et al., 1980). 
The N and P concentrations in plants may vary , but there is always a 
certain ratio between them. 
The interaction of N and P uptake by plants is not unexpected. N and 
P are essential components of active cells, and their func tiens are 
closely inter-related: both are part of nucleic acids; N is present in 
enzymes and P in the molecules that transfer energy for enzymatic 
reactions. We can thus expect the P/ N ratio to be very important. Field 
observations have shown that the limits of this ratio are 0.04 and 0.15 
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laboratory experiments (Dijkshoorn, personal 
communication) confirm these numbers: the maximum and minimum values of 
the P/N ratio for the grasses Lolium perenne and Schoenefeldia gracilis, 
and the dicotyledones Helianthus annuus and Cassia tora are 0 . 045 and 
0.18, 0.029 and 0.12, 0.041 and 0.16, and 0 . 060 and 0 . 24, r espectively. 
There may be differences among species , but as a first estimate the 
limits of this ratio may be considered a general characteristic . 
The limits of the P/N ratio also indicate that all t he t heo r etical 
combinations of N and P concentrations in plants do not actually ex ist . 
If the concentration of either N or P is minimal, the concentration of 
the other element is never maximal. Apparently the lack of one element 
affects uptake of the other. 
The P/N ratio can be determined by chemical analysis, but this ratio 
alone does not indicate whether an absolute lack of P, N, or both exists. 
N concentration ( °lo) 
2,0 / 
PIN= 0,04 / 
1,5 
1,0 
0,5 
/ 
/ 
I 
/ 
/ 
/ 
/ 
/ 
/ 
/ / 
/ ,,,,, ""' 
I / 
/ 
,05 
/ 
0,1 
132 
+PN 
0021 
+N • 
20 
0,15 0,2 
P concentration ( °lo) 
Figure IV-4.3. Concentration of N and P in the biomass at 
flowering, when various quantitiee of N end P 
are applied. For an explanation of the numbers, 
see Figure IV-4.2. Circled numbers indicate the 
aame fertilization in the northern Sahel. 
A low ratio indicates that the concentration of P is low or that of N is 
high. Thus at least one of these concentrations must be known. Thus the 
ratio only gives an indication of a relative deficiency of an element at 
a certain stage of development. This will be explained further in Figures 
IV-4.2 and IV-4.3. 
In a natural situation at Niono (without fertilization; 00) the 
amounts of N and P in the biomass at flowering are low (Figure IV-4.2), 
and the percentages of N and P are near their minimal value (compare 
Figures IV-4.1 and IV-4.3); but N is closer to the minimal value than is 
P. As a result the P/N ratio is near its maximal (0 .15 ). 
From these numbers it may be concluded that growth was impeded 
mainly by a lack of N. 
This conclusion is confirmed by the results of an experiment in 
which N and P were applied in different quantities. If only P is applied 
(01 and 02), the amount of Pin the biomass (Figure IV- 4.2.) and the 
concentration of P in the biomass (Figure IV-4.3) increase slightly. Even 
though growth is stimulated only slightly, the N concentration drops to 
its minimal value (0.5%) and the P/N ratio attains its maximum (0.15) . 
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If only N is applied ( 10 and 20), the amount of N in the biomass 
(Figure IV-4.2) and its N concentration (Figure IV-4.3) increase 
slightly. Growth without fertilization was inhibited mainly due to a N 
deficiency. Thus the application of N increases the biomass and 
consequently reduces the concentration of P . The P/N ratio then 
approaches its minimum (0.04). 
If both N and P are applied (11 , 12, 21, and 22 ), the amounts of N 
and P in the biomass increase and the P/N ratio is approximately 0.09: 
the mean of the maximal and minimal limits. This ratio does not yet 
indicate that growth was not limi ted by N and P, since their actual 
concentrations may be very low ( see Figure IV-4. 3; number 11). If the 
concentration of both N and P is high and near the maximal value , growth 
is not restricted by shortages of N and P (number 22 in Figure IV- 4.3). 
Figure IV-4 . 3 also shows the results from a fertilization experiment 
in the northern Sahel. Without fertilization (00) the concentrations of N 
and P are near their maximal value and the P/N ratio is already optimal . 
This means that growth was not limited by N or P deficiency, and that 
application of N, P, or the two elements combined does not change the 
concentrations of N and P or the P/N ratio; the potential production is 
being realised. This result is related to the process of dilution of N 
and P in plants. 
Dilution of N and P in plants 
The concentrations of N and P in plants decrease with plant age. 
This decrease is due to the synthesis of tissues containing less protein 
and nucleic acid and more fibre, as well as to the redistribution of N 
and P from older tissues to the growing parts. 
If the growing period is sufficiently long, the amounts of N and P 
taken up by the plants can be diluted till they reach the minimal 
concentrations. If the growing period is shorter and the amounts of N and 
P taken up by the plants are the same, N and P are not diluted to their 
minimal concentrations. The growing period can be so short that the N and 
P concentrations are at their maximal value at flowering. In such a case, 
growth is not limited by N and P. The full potential production is 
realised for this growing period. 
A situation such as the one described above can be found in the 
northern Sahel: due to the very short rainy season, the growing period is 
so short tha t even the low quanti ties of N and P available to the 
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plants are sufficient to realise potential growth. Thus the concentra-
tions of N and P at flowering not only depend on soil fertility, but also 
on the length of the growing period. 
IV. 5 Pastureland production in relation to soil fertility and the 
length of the growing period 
It is possible to calculate potential production under natural 
rainfall (see Volume I, Chapter III and Volume II, Chapter III). For 
example, potential production in a clay soil at Niono during 1976 . In 
this case, production at flowering was approximately 10,000 kg DM·ha-1. 
Production was not limited by nutrient elements, so the concentration of 
N in the biomass at that point was maximal (2%). The amount of N taken up 
by the plants is about 0.02 x 10,000 = 200 kg N•ha-1 (see Figure IV- 5.1). 
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If less than 200 kg N·ha-1 is available, the N concentration at 
flowering will not be maximal (< 2%). In that case growth would be 
limited by N, and consequently the biomass at flowering would be lower. 
For example, if the plants cannot take up more than 70 kg N•ha- 1, the N 
concentration at flowering will be 1% and the biomass 7 ,000 kg DM·ha-1 
(see Figure IV-5.1). Therefore the plants have already diluted the N in 
that case. 
Without fertilization, the plants depend on natural soil fertility. 
At Niono, the availability of N is about 12 kg •ha-1. In this case, at 
flowering, the plants have diluted the N to approximately the minimal 
concentration (0 . 5%). The biomass is around 2,400 kg•ha- 1, and growth is 
strongly limited by N shortage. 
We have described one year at Niono as an example. The growing 
period was determined by the rainfall during the year (there were about 
50 days of linear growth). Now we will discuss a year at Niono with a 
shorter growing period (20 days). The potential production of such a year 
is about 4000 kg•ha-1 at flowering, and the amount of N taken up is 
approximately 0.02 x 4,000 = 80 kg•ha-1 (see Figure IV-5.2). It is 
apparent that if no fertilizer N is applied, the N will not even be 
diluted to its minimal concentration 
12 kg N·ha- 1, production is around 
concentration at flowering is o.7%. 
at flowering. At an uptake of 
1700 kg DM•ha- 1, and the N 
In situations such as those described above, growth was never 
limited by a shortage of P due to fertilizer application. We can also 
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describe the inverse si tua tion: an increase in the availabili ty of P 
while maintaining an adequate supply of N. The reasoning is the same. 
On the basis of the experimental results and the theory presented 
above production under natural conditions can be explained. Figures IV-
5.3 and IV- 5.4 show the biomass (in kg DM·ha-1 ), the amount of nitrogen 
and phosphorus taken up (in kg•ha-1), and the P/N ratio at five points 
during the growing period of natural (i.e., without fertilization) 
rangelands at Niono. Figure IV-5.3 refers to a sandy soil and Figure IV-
5.4 to a clay soil . 
The first point, shortly after germination, does not offer much 
information on the soil fertility: the nitrogen and phosphorus found in 
the seedlings originate mainly from seed reserves. The points that 
follow, however, provide more information. 
Let us first consider Figure IV- 5. 3. The P / N ratio at the second 
point is almost at its minimal value (0.07); this is mainly due to the 
low P concentration (see Table IV-5.1), which at that point, is 0.18%, 
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whereas the N concentration is high (2. 5%). The same is true for the 
third point. After the third point, the P / N ratio increases, primarily 
due to a reduction in the N concentration. These numbers indicate that, 
at least initially, growth is limited by a lack of P. During the second 
stage of growth, the P/N ratio increases. This means that growth is 
increasingly limited by a shortage of N as well. Thus, application of P 
will stimulate initial growth, and application of N later growth. 
However, we can see that if only Pis applied, the P/N ratio will 
increase very rapidly: i.e., production will be limited at the beginning 
as well by a lack of N. The result is only a slight increase in 
production. We can also see that --if only nitrogen is applied-- the P/N 
ratio, which is high at the end of the growing period, will rapidly 
decrease. This means that growth becomes limited by a shortage of P 
during the latter stages too. Again the result will be a slight increase 
in production. To sum up, fertilization with only P or only N leads to a 
rise in production, but growth will be very soon limited by the 
availability of N and P, respectively. This can be solved by fertil-
ization with both N and P (= potential production). 
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Tabla I V-5 .1. Concentration of N and P and tha P/ N ratio i~ 
natural vegetations (on sandy and clay aoila) 
during grovth : nUIDbers 1-5 correspond to t he 
numbers in Figurea IV - 5. 3 and IV-5.4. 
1. 2. 3. 4. 5. 
I sandy soil 
7.N 2,0 2,5 1. 7 1 ,4 0,6 
7.N 4,0 3,3 
max . 
2,5 2,0 l , 8 
:rn . l, 1 0,8 
min. 0,6 0,5 0,4 
%P 0, 18 o, J 8 o, 12 0,09 0 , 07 
7.P 0 , 53 0,44 
max . 
0,37 0,30 0,24 
7.P 
min. 0 , 12 0,08 0,06 0,05 0,04 
P/ N 0,09 0,07 0, 05 0 , 07 0. 12 
II clay soil 
i.N 2,2 1, 1 0 ,9 0 ,8 0 , 7 
7.N 4 , 0 3, 3 
max. 
2,5 2,0 1 ,8 
i'!N 
min. 1, 1 0,8 0,6 0,5 0,4 
7.P O, 18 0, 10 0,08 0,07 0,09 
%P 
max. 
0,53 0,44 0,37 0,30 0,24 
7.P 
min. O, 12 0 , 08 0,06 0 , 05 0,04 
P/N 0,08 0, 09 0 , 09 0,09 0 , 13 
In Figure IV-5.4, the P / N ratio at the beginning of growth (point 2-
4) is higher than that during this same period in Figure IV-5 . 3 . No 
shortage of P or N is apparent; but if we examine their concentrations 
(see Table I V-5.1 ) , it is obvious that these are very low . Thus growth is 
l imi t e d by bo t h elemen ts. During t he last phase of growth, the P / N ratio 
increases, and the concentration of P increases as well . This indicates 
that during that period, growth is limited mainly by a lack o f N. If only 
phosphorus were applied, significant stimulation of growth would not be 
expected initially, since the P / N r a tio would drop rapidly . During the 
s e cond st age of growth it is mainly nitrogen that is lacking. Thus, we 
would not ex pect fertilization with only P to l e ad to an increase in 
production during that period. Fertilization with P in such a case would 
not have a ny significant effect. 
Fertilization with N, however, will stimulate growth, particularly 
a t the e nd of the rainy sea son, since the P/N ratio is high and the 
concentration of P is not yet at its minimal level. 
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Nevertheless, a greater stimulation of growth would be expected if 
both nitrogen and phosphorus were applied, as in the first example. 
IV . 6 Consequences of the N and P balances for actual production 
IV . 6 . 1 Intr oduction 
In s e ction IV . 5 we observed that in regions with more than 
300 mm ·yr-1 of rainfa l l actua l productio n o f natural rangelands falls far 
short of t he pot en tial pr oduction. This is due to a sho rtage of nutrient 
e l ements, i.e., N and P . In man y cases t h e N c oncen tration in t he 
v ege ta t ion is minimal dur ing the second stage of growth , while the P/N 
ra tio is stil l abov e its mi nimum . On t he o t her hand , minima l P 
c oncentrations were observed in other cases, particularly at the 
beginning of the growing period, while the P/N ratio was also low. 
Moreover, it has been observed that an increase in production after 
fertilization with P is associated with an increase in N uptake by the 
vegetation . These observations prove that, in general, production under 
natural conditions is determined by the availability of N and P. 
This conclusion does not hold for legumes. Because of their ability 
to fix atmospheric nitrogen, their 
availability. The low fertility of 
production is often limited by P 
Sahelian soils leads to low P 
concentrations in legumes. Thus the P/N ratio reaches its minimal value 
and consequently the N concentration is below its maximum. In any case, 
this latter concentration is still two (in the northern Sahel) to four 
times (in the southern Sahel) higher than that found in grasses . 
Since the biomass usually contains no more than 5% legumes, one can 
safely state that in general, under natural conditions and with rainfall 
a bove 300 mm·yr- 1, production is determined by the availability of N and 
P. This being the case, the equilibrium situation can be described by 
e ither the N or P balance. Since data on the nitrogen balance were 
collected in more detail (see Chapter IV.2), it seems logical to describe 
the equilibrium system using that balance. Thus the losses and additions 
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in the nitrogen balance, discussed in Section IV.2, have special 
importance. The quantification of these losses and additions is only an 
approximation, and a better estimate would certainly be possible on the 
basis of more detailed studies. However, the current estimates are 
already sufficiently accurate to enable a discussion of the relation 
between production, climate, and exploitation. Such a discussion is the 
topic of this section. 
For the calculations in Section IV.6.2, it is assumed that the 
nitrogen balance bas reached an equilibrium. This means that each year 
mineralization and immobilization of nitrogen are identical, and that the 
total nitrogen losses are equal to the total amount of nitrogen entering 
the system. In Section IV.6.3 the degree of reality of such an 
equilibrium situation and the time required to reach it will be 
discussed. In the final section, IV.6.4, we will explain shifts in the 
equilibrium due to changes in the availability of phosphorus, and its 
consequences for production. 
IV.6.2 Production in an equilibrium situation 
In depressions where runoff water collects, large amounts of 
nitrogen may be lost from the system due to denitrification or leaching. 
Outside these depressions such losses are negligible. There, nitrogen is 
lost primarily due to volatilization from dry biomass, combustion (bush 
fires), and several other processes such as consumption by insects, soil 
erosion, or removal by runoff or wind. Of course some N is also lost from 
the system through grazing. Part of the N consumed by animals is fixed in 
meat and milk, another part volatilizes from faeces and urine, and yet 
another part is returned to the soil via excrements. This last part 
gradually becomes available to plants in subsequent years. 
If the soil- plant- animal system is in equilibrium, the above losses 
are· compensated by N contributed by rain, and by several nitrogen 
fixation processes. By definition, the equilibrium can be described in 
the following equation: 
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f Nb = Na (4 .1 ) 
where: 
Nb the amount of N (kg•ha-1) in the aerial biomass at flowering 
Na = the amount of N (kg •ha-l•yr-1) which is added to the system 
each year 
f = t he fracti on (yr-1 ) of Nb which is lost annually 
f Nb = the amount of N (kg•ha-l·yr-1) which disappears from the system 
each year 
We will now calculate Nb using the best possible estimates of Na and 
The amount of nitrogen added to the system each year (Na) can be 
divided into two parts: one is proportional to the rainfall (P) and the 
other to the aerial biomass (B). According to Section IV.2, each 
millimeter of rain contributes 0 . 0065 kg N•ha-1. Another 0.0020 kg N•ha-1 
is contributed for each millimeter of rain due to fixation by algae on 
the soil surface. Note that the algal contribution is smaller than that 
of rain, so the inaccuracy in the estimate of the algal contribution 
hardly affects the calculation. The total contribution by rain is thus: 
Nal = 0.0065 P + 0.0020 P = 0 . 0085 P (4 .2 ) 
where Pis the rainfall (yearly average) in millimeters. 
The main reason that the biomass itself contributes to nitrogen 
fixation is the presence of legumes . The magnitude of their contribution 
depends on their proportion in the biomass (L = fraction of legumes in 
the total biomass), on the total aerial biomass (B), the concentration of 
nitrogen in the legumes (cNleg) , and the fraction of nitrogen in the 
legumes fixed by Rhizobium (F). Therefore the total N contribution due to 
fixation by l eg umes is: 
Na2 = F x ( cN1eg ) x L x B (4.3) 
Nitrogen fixation by legumes is not the only fixation process. As 
explained in Sec tion IV. 2, another 0. 0001 kg N per kg DM is fixed by 
bacteria associated with non-leguminous species. Free living bacteria fix 
a further 0.00025 kg N per kg DM that enters the ground and is 
decomposed. The total contribution of N due to fixation by associated and 
free living bacteria is: 
Na3 = 0 . 0001 B + 0 . 00025 (1 - f) B (4.4) 
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The total amount of nitrogen added to the system annually (Na) is 
the sum of equations (4.2), (4.3), and (4.4): 
Na Na1 + Na2 + Na3 
0.0085P + B[(F x cNleg x L) + 0.0001 + 0.00025 (1 - f)] 
(4.5) 
The following relations always hold: 
Nb Nb 
cNb B or B = cNb (4.6) 
where: 
B total aerial biomass at flowering in kg DM•ha-1 
Nb amount of nitrogen in the total aerial biomass at flowering 
in kg N·ha-1 
cNb the concentration of nitrogen in the total aerial biomass at 
flowering 
B in equation (4.5) can be 
Nb 
Na= 0.0085P + cNb [(F x 
Nb 
replaced by cNb 
cN1eg x L) + 0.0001 + 0.00025(1 - f)] (4. 7) 
If Na is introduced into the equilibrium equation (4.1), it follows 
that: 
0.0085 p 
0 2 (F x cNleg x L) 
f (1 + o. 0 5 ) -
cNb cNb 
0.00035 
cNb 
(4.8) 
At the Ranch at Niono, the concentration of nitrogen in the aerial 
biomass (cNb) and in the legumes (cN1eg) is 0.008 and 0.019, 
respectively. The fraction of leguminous nitrogen which is fixed (F) is 
0.75. Assuming that the fraction of legumes (L) is 0.05, equation (4.8) 
becomes: 
0.0083 p 
f - 0.13 (4.9) 
If f (total fraction lost) less than 0.13, the value of Nb would 
become negative. In that case the equation is no longer valid, since the 
assumption that nitrogen additions and losses are equal does not hold. 
Such a situation, implying a continuous enrichment of the system, is not 
real, since it is highly improbable that rangelands can be so well 
managed that the value of f remains below 0 .13. If such an unlikely 
situation does occur, the enrichment process is short-lived: as soon as 
the concentration of N in the grasses exceeds 0.01, N fixation by the 
legumes diminishes. 
Nb can be calculated for different values of f at a rainfall of 
600 mm·yr-1 using equation (4.9), assuming infiltration to be uniform. 
This assumption is necessary, since under runoff the values of cNb, 
cN1eg• F, and L are liable to change. We will return to this issue in 
Section V.9. 
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Tabl e IV-6. 1. Example of t he relation between t he amoun t of N i n 
the aerial biomass at flowering (Nb) and th e fraction 
f of t his amount which is lost each year , assuming 
f 
-1 {y r ) 
0 . 25 
0.30 
0. 40 
0 . 50 
0.75 
1. 00 
an equilibrium, an average rainfall of 600 mm.yr- I 
with uniform infiltration, and 5% legumes in the 
vegetation. 
Nb f x Nb 
- 1 -1 - 1 (kg .ha ) (kg .ha . yr ) 
41. 5 10 , 4 
29, 3 8 , 8 
18,4 7,4 
13 ,6 6 , 8 
8,0 6,0 
5,7 5 , 7 
Table IV-6 . 1 represents the relation between Nb and f in the above 
case. At first glance , it would seem profitable to maintain a low grazing 
pressure and r educ e fir e s ( f = 0 .25) . I n t hat e quilibrium si tua t i on , the 
vegeta t i on c ontains 41. 5 kg N·ha-1, which mean s a high b i omass and 
consequently effective protection against physical deterioration of the 
soil (see Chapter III). Such a large amount of N in the biomass results 
from the fact that few losses occur; therefore more N remains in the 
(soil-plant) cycle, which leads to an increase in biomass. That increase 
in biomass is due to the fixed fraction of legumes in the biomass, since 
there is an increase in N fix ation by legumes. 
Unf ortunately, a h igh b iomass leads t o h igher N l o sses t h rough 
v olatili zation , a nd thr ough c ons umption by insects and game. Ev en more 
important is the fact that the germination of grasses and herbs is 
inhibited by a large amount of <lead straw. Fires seem inevitable under 
these conditions. Lastly, one can imagine that, when the biomass is very 
high , the proportion of legumes will be considerably r educed by 
competition with grasses . 
That's all nice and fine; however, we must remember that, in 
practice, improved management by restricting the grazing pressure will 
not lead to the desired r esults . There is a similar situation in the 
fisheries industry. If fishing is the only factor reducing the number of 
f ish, and there are no other losses, it is advisable to limit the number 
of fis h caught. Thereby t he t o tal numb er of fish remains high. If, 
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however, there are other reasons for losses of fish so that natural 
mortality becomes a significant factor, it is more economical to fish as 
intensively as possible and prevent other losses. 
IV. 6.3 Dynamics in an equilibrium situation 
All considerations about the equilibrium situation are meaningful 
only if such an equilibrium is attained within a reasonable time span. 
The PPS project was too short to obtain conclusive experimental results. 
The treatment of this subject is therefore based partly on a synthesis of 
other experiments, and partly on knowledge about soil nitrogen 
transformation processes. 
In an equilibrium situation with "normal" losses (i.e., f equals 
0. 5), the amount of N in the biomass is nearly twice as large as the 
annual additions of N to the system. That quantity of N is taken up in 
the period of N accumulation in the soil. This accumulation results from 
mineralization from organic matter in the soil, which proceeds at a 
higher rate at the start of the rainy season than immobilization. The 
quantity of N taken up by plants is a function of the magnitude of the 
accumulated amount. If that is high, the period during which N is 
available is equally long. A given equilibrium situation is associated 
with a certain amount of accumulated N, and that in turn is linked to the 
quality and quantity of organic matter in the soil. There are several 
thousand kilograms of N in the organic mat ter in the top 30 cm of the 
soil. Des pi te this large quanti ty of N, the store can decrease or 
increase by only a few kilograms of N per year, if an equilibrium has not 
yet been attained. 
If all the nitrogen in the organic matter was of the same nature, it 
would take hundreds of years to reach an equilibrium. In that case the 
entire discussion of equi librium, as presented here, would be useless. 
Fortunately, there are sound arguments indicating that not all the N is 
involved in the mineralization and immobilization processes at the same 
time. Experiments with Nl5 have shown that the large store of N in the 
soil can be divided into three fractions: one with a turn-over rate of 
several hundred years, the second wi th a rate of several years, and a 
third with a rate of several weeks to months. For our discussion 
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--the equilibrium situation--the fraction having a turn-over rate of 
several years is the most significant. The amount of N involved is of the 
order of several hundred, rather than several thousand, kilograms. A 
phenomenon supporting the idea of such an intermediate fraction is the 
system of shifting cultivation. In that system, all the nitrogen which is 
relatively easily available is depleted in approximately four years. If 
the soil is left to regenerate, under fallow, at least 20 years elapse 
before that N fraction is replenished. The rapid depletion, which may be 
ex tremely f ast when large amounts of N are removed during the annual 
harvest, is an indication for the existence of this type of N. 
Regeneration of the N store is a lengthy process, because the annual 
c ontributions o f fixati on and rainfall are small. Ano the r argument in 
support of the existence of a fraction in the organic matter with an 
intermed iate t urn- over rate is presented b y t he resul t s of ferti l ization 
with N and i t s effects during s ub s eque n t ye ars . Part o f t he N fr om the 
fertilizer remains in the soil during the first year in soils with a 
"normal" percentage of organic matter. This immobilization is such, 
however, that during the five following years virtually all the added 
nitrogen becomes available to the plants. 
The stable fraction of organic matter contains several thousand 
kilograms of N. This fraction too is gradually mineralized, due to the 
fact that the grazing pressure throughout most of the Sahel is increasing 
steadily. Given the slow rate of decomposition of this fraction, 
that mineralization process will not contribute more than about 1 kg 
N·ha-l·yr-1. This small quantity could have been included in the discus -
sion on equilibrium in Section IV.6.3, but, considering the uncertainty 
of its magnitude, this small source of nitrogen may be neglected. If it 
really contributes, it would be an additional advantage. The presence of 
a large, almost inert N fraction, and of a smaller much more reactive N 
fraction explains the absence of a relation between the total amount of N 
in the soil and that in the vegetation, despite the fact that production 
is limited by this nutrient element. The existence of different N stores 
is illustrated by the existence of a relation between production and 
rainfall, on the one hand, and by the absence of a relation between 
rainfall and the amount of soil N, on the other. 
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IV. 6.4 The effect of phosphorus on production 
It has been mentioned already several times that the effect of 
phosphorus fe r tilization on production is ac t ually often a disguised 
effect of N. The most logical explanation seems that phosphorus affects 
the synchronization of growth with the a ccumulation of ino r ganic N in t he 
soil. It is true that during the later growth phases the P/N ratio is 
above its minimum. Periodic har v e sts, however, showed that during the 
fi r st growth phases the P/N ratio may be so low that the growth rate then 
can be assumed to be limi ted by P and not by N ( see al so Sec tion I V. 5 ) • 
This lack of P impedes in i tial growt h , resu lting i n poo r synchronization 
of growth and the N excess accumulation of inorganic N in the soil. If P 
fer ti lizer is a dde d , the initial growth rate increases, synchronization 
improves, and plants benefit more fr om the accumul ated N. 
If we disregard changes in the contribution of legumes and in the 
fraction of N losses, we can envisage a shift in the equilibrium as a 
consequence of a greater availability of P. With a low availability of P, 
initial growth is slow and synchronization is poor . As a result, the 
amount of N in the "intermediate" soil store is relatively large, which 
results in a considerable amount of accumulated inorganic N each year. 
This can be an equilibrium situation, as explained in Section IV.6.2. If 
P is added, initial growth is stimulated, and the improved 
synchronization allows the vegetation to take up a larger amount of N: 
produc tion will thus be higher. However, this improved utilisa tion will 
exhaust the "intermediate" store of N; and, since the magnitude of 
accumulation is related to this "intermediate" store, that will decrease 
as well. Tha t decrease will ham per the up take of N. These changes will 
continue until a new equilibrium is established, wi t h the s ame uptake of 
N and therefore the same production. Thus the advanta ge of fertilizing 
with P is only temporary . The final effect of improved P availability is 
a reduction in the "intermediate" store of N in the soil . 
Another effect in favour of fertilization with P is stimulation of 
legumes in the vegetation. A situation can even be attained in which the 
concentration of P in the legumes remains above its minimum; as a result, 
the concentration of N in these plants can also increase. Without that 
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effect on legumes , P fertilization affects production only temporarily . 
If P is used as fertilizer in combination with N, the situation is very 
different : plants always require P to get max imum benefit from 
fertilization with N. 
The a bov e discus sion deal s with the case wher e P availability i s 
inc r eased . Can the same reason i ng be applied for P d e pletion, for ex ample 
thr o ug h t h e pr oduc tion of milk , meat, and fae c e s? At t he onse t of suc h a 
de pletion, this is indeed the c a se . An incr e a se in the "intermedia t e" N 
s tore , and thus i n t he magni t ud e o f N accumulation , compensa t e s fo r the 
r eduction in initial g r owth due to lack of P . Thi s situation too tends 
toward a new equilibrium, in which the amount of N taken up by the plants 
remains the same. This shift in the synchronization between growth 
( especially ini tial growth) and inorganic N accumula tion may continue, 
but not indefinitely. Finally, the depletion of P leads to a situation in 
which the concentration of P in the vegetation never exceeds its minimal 
value thr oughout the entire growing period. In this situation , the P/N 
r a tio may still vary f rom its minimum to its max imum . If the P/N r atio is 
high, despite the fact that the P concentration is already at its 
minimum, this means that some time in the past N was exhausted even 
faster than P . I n this case fertilization with P alone will not increas e 
production at all , unless the proportion of legumes in the vegetation 
increases. If, on the contrary, the ratio is lower than the maximum 
during the later stages of growth, this indicates that there is 
relatively more N than P . Fertilization with P alone may indeed increase 
production, perhaps even without the effect of stimulating the legumes. 
In both cases described above , the amounts of P are so small that we 
can assume this situation to occur only in soils in which P release by 
weathering of minerals is negligible. Minimal concentrations of P are 
f r e quently observ ed in the Sa he l , howev er, i nd icating t hat so i l s i n which 
hardly any weathering occurs actually do exist . 
Many a ttempts a t fer tilization wi t h na tural r ock phospha t es (NRP) 
have been made (in Mali, for ex ample, with Tilemsi phosphate). They have 
shown that this phosphate is far less effective than phosphorus in the 
form of Triple Super Phosphate (TSP) . This means that when P is used in 
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combination with N fertilizers, natural phosphate is a less effective 
fertilizer. However, the effect of natural phosphates is sufficient to 
remove an absolute lack of P, as explained above. To recapitulate, P by 
itself increases production only slightly if the P/N ratio is lower than 
its maximal value during the later growth stages. We must therefore 
consider whether it is desirable to apply P alone. There would certainly 
be a rise in production, but the concentration of N in the vegetation 
would decrease, with a concomitant decrease in the quality of the 
vegetation, and thus in its forage value. 
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V. ECOLOGY OF SAHELIAN RANGELANDS 
V. l Introduction 
So far we have discussed plants and vegetation in general . We have 
deal t with several of their phys i o l ogical features ( C3 or C4 pho t o-
synthetic mechanisms, stomatal regulation, concentrations of N and ·p in 
g rasses, l egume s, a nd o t h e r dicotyledones) . 
In the previous chapters, we have also seen the important role 
played by these characteristics in growth and production during the rainy 
season: the C4- type plants s ho w a hig her growth rate than C3-type plants; 
plants having stomatal regulation use water more efficiently than those 
in which it is absent. In grasses N and P are diluted to lower 
concentrations than in legumes and dicotyledones; they can produce more 
biomass on poor soils (low in N and P) than legumes or dicotyledones , but 
as a result their fodder quality is lower. 
The implication is that species composition is of prime importance. 
Unfortunately, this composition never seems to be identical from year to 
year in the same place (see Table V- 1.1, for example), or from one place 
to another . In this chapter we will try to de termine the factors 
influencing species composition and the dynamics of this composition. For 
this purpose, we distinguish four main periods in a year: 
1) Germination and establishment 
The various characteristics of different species with respect to 
germination and establishment, on the one hand, and climatic factors 
(rainfall), the substrate, and the seed supply in the soil, on the other, 
are the main determinants of which species, in what quantities (number 
and b i omass), will exist at the beginning of the grand period of g r owth 
in a particular rainy sea son (Section V. 2) . 
2) Vegetativ e g r owth 
During vegetative growth, there is competition between the species 
for light, nutrient elements, water, etc. We will concentrate on the 
competi tion between legumes and grasses, primarily because we want to 
consider the possibilities for the introduction a nd st i mula tion of 
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Table v-1.1. Total biomass (tDM·ha-1), annual rainfall (mm), 
and species composition (%) at the end of the 
rainy season in the same place during four 
consecutive years. 
1976 1977 1978 
annual rainf all (mm) 420 200 350 
product ion ( biomass, 
tDM•ha-1) 2,0 0,6 2,5 
species composition (%) 
Eragrostis t remuZa 53 8 8 
Cenahrus bifZorus 8 34 30 
EZionurus eZegana 14 27 17 
SahoenefeZdia graai l i a 0 27 
other spec ie • 25 30 18 
1979 
300 
0,9 
0 
10 
63 
26 
legumes, which is sometimes proposed as a solution to improve low- N soils 
(Section V. 3) . 
3) Reproductive growth 
Reproductive growth is important for two reasons. First, the beginning of 
this period heralds the end of a species' life cycle. We wish to know how 
the flowering date of a species is determined: thus we can predict the 
length of its growth period. During the reproductive phase the seeds 
develop. The number of seeds, in combination with the ratio between the 
numbers of different species, constitute the basis for the species 
composition of the following season (the seed balance). The seed biomass 
is significant from the quality point of view: due to N redistribution, 
this part of the biomass will be of high quality. Especially on poor 
soils, only that part of the biomass will be of acceptable quality during 
the dry season (Section V.4). 
4) The inactive period 
The word ''inactive" is possibly not adequate, since it describes only the 
inac tive phase of the plants proper, which are dormant in the form of 
seeds. The seeds and the <lead residues of plants, i.e., straw, undergo 
several processes. These processes, along with previous plant activity, 
determine the development of the quantity and quality of forage with time 
the short-term concern -- and survival of the species 
concerns the next season's growth (Section V.5). 
which 
Determination of the species characteristics permits classif ication 
of communities and a description of their distribution from south to 
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Figure V-2.1. Water absorption by aeed1 during different 
stagea of gennination 
north in the Sahel. Short - and long-term dynamics will be discussed 
(Section V.6). 
In Section V.7 we will discuss the productivity of perennial grasses and 
trees. 
Factors such as the substrate, rainfall, level of exploitation, and 
bush fires will obviously affect species composition and production. 
These effects will be discussed in Section V.8. 
In Section V.9 we will return to the relation between rainfall and 
production. 
V. 2 Germination and radication 
V. 2.1 Germination 
The nature of the herbaceous stratum which develops during the 
growing season is mainly determined by the amount and distribution of 
rain at the beginning of the season (Section III .2 ), taking into account 
the substrate and seed supply. The germination rate is an important 
characteristic, although other parameters play a role as well . A brief 
illustration of the germination process is given in Figures V-2.1 and 
v-2.2. 
The first figure is from Bewley and Black ( 1978), who describe 
germination by three stages of water-absorption: 
fraction 
germinated 
100°k 
t~ 
1 
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time 
Figure V- 2.2. Germination under optima! conditions i n a 
homogeneous environment ( Pl and a l) and under 
aub-optimal conditions in a heterogeneou• 
environment (p2 , P), and a 2 , a)) 
I. Initial absorption or imbibition, resulting from a water potential 
gradient between the substrate and the seed. In principle the 
process proceeds rapidly, but there are significant differences 
between species as to seed hardness, i.e., the resistance of their 
integuments to water penetration. 
II. Relatively little water is absorbed during the stage of metabolic 
preparation . After hydration of the interior of the seeds, metabolic 
processes begin preparing the enzymes required for germination. For 
certain species, leaching of inhibitory compounds must precede 
germination: dormancy is another difference among species. 
III. A sudden increase in water absorption marks the onset of the third 
stage: visible germination. The cells of the embryo expand, breaking 
the integument in which it is encased, and the radicle emerges . 
The length of the three stages depends on specific properties of the 
seeds (hardness and dormancy), and on the moisture content of the 
substrate. The length of time during which the soil is sufficiently wet 
determines whether a species will germinate, given the specific length of 
its entire germination process. 
Certainly in the Sahel, the rains at the beg inning of the rainy 
season are often insufficient to wet the soil long enough to permit 
complete germination. What happens when the germination process is 
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interrupted by drying of the soil? To answer this, we must consider the 
phases A, B, and C in Figure IV-2 .1. "A" corresponds to the period of 
germination with reversible processes, such as rehydration. "B" 
corresponds to the time during which irreversible processes occur. These 
processes may be temporarily interrupted, however, meaning that drying of 
the soil may not necessarily cause death of the seed. If the soil is 
rewetted, phase "A" will recur, but phase "B" resumes at the point where 
it was interrupted previously. The processes of phase "C" are 
irreversible; if germination reaches this phase, the seed must continue 
development, or it will die. 
In addition to species differences with respect to the minimum time 
required for stages I and II, there are also differences in the same 
species due to heterogeneity. This means that, even under optimum 
conditions, not all the seeds of a species germinate simultaneously. The 
curve describing cumulative germination as a function of time is 
characterised for a species by the minimum duration of stages I and II 
(t1), and by its slope (a1): see Figures V-2.2. and V-2.3. 
Under sub-optimum soil conditions, the slope also depends on 
environmental heterogeneity, particularly on those characteristics 
determining the length of the wet period after a rain. As environmental 
heterogeneity increases, losses of viable seeds increase also, since a 
larger proportion is exposed to the risk of a disruption of development 
at the end of stage II. Thus the fraction of viable seeds that actually 
germinates diminishes as environmental heterogeneity increases (P2, P3, 
and a 2, a 3 in Figure V- 2. 2). 
For a proper understanding of the position of legumes in the 
Sahelian vegetation, it should be taken into account that their seeds are 
often so hard that water can penetrate only after the integuments have 
been damaged. Some of the seeds are damaged during the dry season. These 
behave like seeds which are not hard at all: high temperatures prior to 
the rainy season appear to be one reason for loss of hardness. In the 
course of the rainy season, the integuments of other seeds change 
sufficiently to allow germination. These species combine the advantages 
of rapid germination and highly resistant seeds. Zornia glochidiata is a 
good example (see Figure V.2 . 4); it germinates at each rainfall, although 
the number of germinating seeds decreases as the rainy season progresses. 
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germination 
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Figure V-2.3. Gennination under optima! conditions of a 
species with hard seeds (Eragrostis tremula) and 
of a species with seeds which are not hard 
(Schoenefeldia gracilis) 
Table V-2.1 presents the relevant characteristics of several 
dominant or typical species. As a rule increased seed hardness is 
accompanied by increased heterogenei ty and a slower germination rate. 
However, a number of leguminous and other species with hard seeds may 
germinate very quickly. In general, the seeds concerned have lost their 
hardness because the integuments are · damaged so that water penetrates 
easily. 
Considering these facts, it is obvious that rain influences the 
nature of a germination flush by determining the per iod of wetness of the 
substrate . The longer this period , the higher the proportion of slow-
germinating species in the vegetation . It should be pointe d out here that 
rapid and early occupation of the available space is a great advantage 
for a species throughout the rest of the season. The rainy season in the 
Sahel rarely or never begins so suddenly that the first flush of 
germination provides the entire basis of vegetative growth: a fraction of 
the first flush, or one or seve ral complete flushes , are lost during dry 
spells between rains at the beginning of the rainy season. 
v. 2.2 
germination 
(°lo) 
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Figure V-2.4. Germination in the field of a legume (~ 
glochidiata) with very hard eeede and of a 
species with seeds which are not hard 
(Schoenefeldia gracilis) 
Establishment 
Germination is not completed successfully until the seedling is well 
established and shows resistance during dry periods before real 
productive growth can begin. 
Unfortuna tely, the importance of this developmental phase was not 
recognised early enough to complete a detailed study on Sahelian species. 
Nevertheless, there is evidence that the resistance of seedlings to 
drought is not a simple function of its seed reserves, the growth rate of 
its roots, its shoot/root ratio, or its transpiring area. Generalizations 
concerning the drought sensitivity of seedlings as affected by such 
factors as differences in age, substrate, and climatic conditions could 
not be derived from the limited number of observations available. 
However, it is possible to determine which species are relatively 
sensitive or resistant. Table V-2. 2 summarizes these data. 
The conclusions are obvious: 
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Table V-2.1. Some characteriatice of eeede of dominant or 
typical species 
Species 
Grasses 
Andropogon paeudapricua 
Aristida mutabiZis 
Cenahrus bifZorus 
ChZorus prieurii 
DaatyZoteniwn aegyptium 
Diheteropogon hagerupii 
EahinoahZoa aoZona 
EZionurua e legana 
Eragroa t ia tremuZa 
Loudetia togoensia 
Panicwn Zaetwn 
Penniae turn, pediae Uatum 
SchoenefeZdia gracilia 
Other 1:15'rbaceo us species 
AZysiaarpus ovaZifoliua 
Blepharis Zinariifolia * 
Bo1'reria chaetoaephala 
Borreria radiata 
Borreria staahydea 
Casaia mimoaoidea 
Casaia tora 
Indigofera astragaZina 
Indigof era prieuriana 
Tribulis terreatria 
Zol'l'lia gZoahidiata 
we ight 
1000 
eeeds 
(g) 
0,3 
0 ,6 
2, 1 
0,2 
0 , 3 
0 , 8 
0,4 
0,4 
0,05 
4, 1 
1 ,4 
0,4 
0,2 
3,5 
49,5 
1,0 
0,7 
7,0 
3,6 
23,5 
4,5 
5,5 
1,1 
1, 9 
hardness 
of 
eeeds 
+ 
+ 
++ 
+ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
++ 
germi-
nation 
rate 
++ 
+++ 
+++ 
++ + 
++ 
++ 
++ 
+ 
+ 
++ 
++ 
++ 
++ 
(+++) ** 
+++ 
+ 
+ 
+ 
++ 
(+++)H 
(+++)H 
(+++)** 
+++ 
(+++)** 
Double-seeded fruits which are very hard, but which buret 
open when it r a ins if they are very dry . 
•• Only a fraction of the seeds ge rminates very quickly . 
hetero-
geneity 
of 11eed11 
+ 
+ 
+ 
+ 
++ 
+ 
++ 
++ 
+++ 
+ 
++ 
+ 
+ 
++ 
+ 
++ 
++ 
++ 
++ 
+++ 
++ 
++ 
+ 
+++ 
hardness: + limited increase in germin a tion capacity afterecarification etc• 
++ considerable increase in germination capacity 
after sca rl fic a tion e re. 
germination rate: +++ first seedlings the day after a 
significant r a infall 
++ first seed lings several days after such 
a rainfall 
+ first seedlings several days after such 
a rainf all or after several rains 
heterogeneity: under optimal conditions, complete germination 
after a few days (+), several days (++), and 
several weeks (+++). 
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Table V-2.2. Survival of seedHngs of several species, a1 a 
percentage of the total nU111ber gerainated per 
species, at the Niono Ranch. 
Substrate 
Rainfall 
Per iod in days 
Grasses 
Dihet~ropogon hagarupii 
Elionurus elegans ~ 
Schoenefeldia gracilia~ 
Loudetia togoenaia 
Various herbs 
Blepharis linariifolia 
Borreria chaetocephala 
Borreria etachydea 
Borreria radiata 
Zornia glochidiata 
aand 
30 60 
33 
1. 5 
0 
1, 5 
36 
19 
6 
26 
70 
0,2 
12 
53 
loam 
20 50 
36 
26 
6 
36 
56 
0 
3 
more rain at germination increases survival; 
30 
32 
35 
56 
5 
clay 
60 
31 
60 
87 
12 
25 
Loudetia togoensis is more resistant than Diheteropogon hagerupii, 
and both are more resistant than the Borreria spp, Schoenefeldia 
gracilis and Elionurus elegans, but less resistant than Blepharis 
linariifolia and Zornia glochidiata. 
Blepharis is more resistant than Zornia glochidiata. 
Borreria radiata is more resistant than Borreria stachydea, and the 
latter is more resistant than Borreria chaetocephala. 
Some additional observations are that Schoenefeldia gracilis is more 
resistant than Elionurus elegans and Eragrostis tremula, and also 
slightly more than Cenchrus biflorus. Such observations are difficult to 
make under natural conditions when they involve species with very 
different germination rates, and especially after light showers, when the 
heterogeneity of the soil surface enables certain "slow" species to 
germinate in micro-depressions. The conditions are therefore relatively 
favourable for survival, but this survival does not necessarily indicate 
a higher resistance when compared to the mortality of "fast" species in 
less favourable locations. This phenomenon explains the apparent 
contradiction in Table V-2.2: Borreria spp seem to survive better on a 
loamy soil after a single rain of 20 mm than af ter two of 20 and 30 mm; 
and Borreria stachydea seems to be more resistant on a loamy soil than is 
Borreria radiata, whereas the reverse is true on a sandy soil. 
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v. 2. 3 Evaluation 
The influence of the factor discussed so far on the dynamics. and 
species composition of natural rangelands is summarized in Table V-2.3, 
which shows only four extreme situations, covering the yearly variations. 
The table is based on a proportional share of the four types of 
species in the seed supply. This will in reality never be the case, since 
the seed supply changes from year to year, as a result of the differences 
in the amount and distribution of rainfall in a particular year as 
compared to those of previous years, on germination as well as on the 
other three phases of plant's life cycle. This is illustrated in Table V-
2.4, which gives the results of a limited area on a sandy substrate at 
the Niono Ranch, where three important species were followed over three 
successive years. 
With respect to the different germination strategies observed, and 
given the irregularity of rainfall in the Sahel at the beginning of the 
rainy season (see Section 111.2), rapid germination would seem risky, 
especially if the seedlings are not very drought resistant. It is 
therefore surprising that in general, the species showing a high 
germination rate dominate in the Sahelian rangelands (Cenchrus biflorus, 
Schoenefeldia gracilis, Diheteropogon hagerupii, etc.). This can be 
explained only by the heterogeneity of the area, which causes germination 
of at least some seeds of these species with light rains, thus leading to 
their early occupation of the available space. In the absence of 
favourable places, fast-germinating species that are relatively sensitive 
to drought would not even exist. Slowly germinating species do not 
dominate easily, as they are often slower in occupying the space, which 
is a disadvantage in the competition during vegetative growth. 
For the truly slow species, "sensitivity to drought" is far less 
important than for the rapid ones, as their survival is not threatened by 
false starts of the rainy season. On the contrary, disturbances at the 
beginning of the rainy season (such as drought or grazing) favour them. 
The fact that a species like Zornia glochidiata, which has both fast and 
slow germination strategies, does not domina te the entire Sahel is 
probably due to its low competitive ability. 
v. 3 
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Table V-2.3. Relative importance of seedlings of four typea of 
species at the beginning of vegetative growth 
sfter four different types of rainfall 
distribution at the onset of the rainy 1eason. 
Rate of germina t ion fut 
Resistance to drought high limited high 
Several small rains 
followed by a dry period + ! +++ 
Small rains without 
long intervals +++ +++ + 
One large rain 
followed by a dry period + ! ++ 
High rainfall at the 
beginning of the rainy 1eason +++ +++ ++ 
Vegetative growth 
•low 
liaited 
+++ 
+ 
+ 
++ 
The total biomass produced during the growing season is determined 
by growth factors in short supply. For natural rangelands, this is at 
first, soil fertility, and secondly, of increasing importance towards the 
north, water availability. However, since not all species obtain an equal 
share of the limited resource, large variability exists between the 
proportions of the various species in the biomass at the end of the 
growing period, and thus also in the quality of the biomass from the 
point of view of N and P concentration (see Figure IV-4.1). 
Germination and establishment play an important role in the 
occupation of the space by various species (Section V.2). In this case, 
space is defined as the combination of factors influencing growth, such 
as water, light, minerals, ni trogen, and the physical space i tself. 
Several characteristics of the species are equally important in 
determining their competitive ability towards these factors during 
vegetative growth. One of these is stomatal regulation. It was shown in 
Section II.3 that some species regulate stomatal opening through the 
internal COz concentration, which leads to very efficient use of water. 
That is an advantage where water is a limiting factor, or during dry 
periods in the middle of the rainy season. This mechanism defini tely 
favours the grasses Schoenefeldia gracilis, Loudetia togoensis, and 
Table ~-2.4. Example of observed dynamics (natural rainfall) and potential dynamics (artific i al rainfall) of three 
species in a sandy area at the Niono Ranch: the number of seedlings·m-2 , the to t al number of 
established plants·m-2 and seed production (seeds produced·m-2) fo r all the plants and for each 
species, as a percentage of the total during three consecutive years, at a rainf all of 380 mm, 
450 mm, and 375 lllD, respect ively. 
1977 1978 1979 
plante seeds* seedlings plante seeds* seedlings 
(m-2) (m-2) (m- 2) (m-2) (m -2) (m- 2) 
a - natural rainfall of the relevant years 
1 .052 16.000 3. 140 tt 82 9 12 .000 5.861 :t:t 
Zornia giochidiata 54% 35% 50(28)% 26 % 9% 32( 17)% 
BorreI'ia radiata 42% 14% 18(26)% 64% 22% 63(139)% 
Schoenefe idia graciiis 4% 5 1% 32(12)% 10% 69% 5( 4)% 
b - one single supplementary artificial rainfall of 30 mm on 5. 6.1978 
3.867 ). 153 12.000 11.500 :t:t 
Zornia giochidiata 67% 92% 87% 92(100)% 
BorreI'ia radiata 16% 7% 8% 7 ( 100)% 
Schoene feidia graciiis 17% 1% 15% 1 ( 4)% 
c - a weekly supplementary artificial rainfall of 20 mm in June and July 1978 
3. 109 1.091 39.000 5 .800 :t:t 
Zornia giochidiata 54% 79% 11% 74(100)7. 
BorreI'ia radiata 3% 3% 0% 3(100)% 
Schoene feidia graciiis 43% 18% 89% 23( 4)% 
* Estimate , given the nU111ber of plante per species·m-2 and their average seed production 
** Between brackets the number of seedlings per species as a percentage of the number of seeds produced i n 
the previous year; the hypothetical situations for b and c in 1979 were estimated on the basis of the seed 
production under b and c in 1978, the extent of genaination, and the final density of the species under a. 
- -----------
planta seeds* 
(m-2 ) (m-2) 
654 10.000 
54% 52% 
45% 43% 
0 , 5% 5% 
O' 
2 . 000 11.000 
97% 96% 
3% 2% 
0% 2% 
800 12.000 
96% 84% 
2% 1% 
2% 15% 
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Diheteropogon hagerupii over the dicotyledone Borreria stachydea if the 
water supply is limited. 
Another imporant characteristic is the photosynthetic mechanism. In 
Section II. 3 we dealt with the two existing types, C3 and C4 . Species 
with the C4-type photosynthetic mechanism have a higher growth rate than 
those with the C3-type mechanism. This is particularly important, since 
species with a C4-type photosynthetic mechanism occupy the space more 
quickly than those having the C3-type mechanism, and utilize limiting 
factors such as nitrogen and phosphorus more efficiently. Another 
consequence of a high growth rate is that the C4-type species intercept 
all the light at a certain point during growth, thereby limiting the 
growth of the C3-type species. From this point of view the position of 
legumes in Sahelian vegetation will be considered. Since most legumes are 
of the C3- type, their growth rate is lower than that of the grasses, 
which are of the C4-type. That is particularly evident immediately after 
germination and establishment, when growth is not yet limited by lack of 
nutrient elements: the grasses grow then roughly twice as fast as the 
legumes, thus leading to a situation where the legumes are shaded by the 
grasses. 
Following this initial growth period, nitrogen and phosphorus are in 
short supply. Legumes have the advantage of being able to fix nitrogen, 
and thus suffer mainly from lack of phosphorus. At that time, however, it 
is mainly phosphorus which is lacking (Figures IV-5.3 and IV-5.4). 
Therefore, the higher the soil is in P and the lower in N, the more 
favorable the situation is for legumes compared to grasses, since the 
latter will be more quickly limited by lack of N. 
Table V-3 . 1 shows the results of fertilizer experiments with P in 
leguminous monocultures . 
In conclusion, the most important factors preventing legumes to 
become a dominant part of the biomass in Sahelian rangelands are as 
follows: 
1. Their growth rate (C3) is low compared to that of the grasses, which 
is a particular disadvantage at the beginning of the growing period. 
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Table V-3. 1. Effect of fertilization with P (_: 100 kg P.ha-I as Triple Super 
Phosphate), fertilization with N (_: 100 kg N.ha-I as urea), and 
fertilization with both N and P (_: 100 kg P.ha-I as Triple Super 
Phosphate and_: 100 kg N.ha-I as urea), on production of legumes. 
The figures are averages of two plots. 
Treatment 0 +P +N +N and +P 
Yield in kg·ha-1 
Zornia giochidiata 
"Zornia land" , 
eend 
A lysica:rpus 
ovaiifolius 
"Zornia land", 
sand 
Cassia mimosoides 
"Zornia land", 
sand 
Average increaee (%) 
DM 
1000 
1300 
2000 
1000 
2800 
N 
27 
38 
50 
29 
82 
DM 
2400 
2300 
3200 
N 
63 
73 
88 
1800 59 
3400 100 
60 70 
DM 
1000 
1400 
2200 
1000 
2400 
0 
N 
28 
40 
55 
30 
74 
0 
DM 
2500 
2300 
3300 
N 
66 
75 
90 
1800 61 
3100 104 
60 80 
2. Sahelian soils are low in P, resulting in a lack of this element for 
plant, especially during the initial phase of vegetative growth. 
These considerations have consequenes for the proposed introduction 
of legumes. They would have to be resown yearly, due to their low 
competitive ability. Simultaneous fertilization with phosphorus ·would be 
of little use, since the grasses too are phosphorus-limited during the 
initial growth period. This has been confirmed by the results of a 
fertilizer experiment in an area with a vegetation consisting of both 
plant types (see Table V-3.2). 
Thus a successful introduction of legumes requires an extremely 
labour-intensive system. From this point of view, it is important to know 
the efficiency of nitrogen fixation by legumes, and the effect of 
increasing soil fertility, particularly with respect to nitrogen 
availa bili ty. 
N-fixing legumes obtain part of their nitrogen by absorbing 
inorganic N from the soil. The ratio between N fixed from the atmosphere 
and N absorbed from the soil depends on such factors as: 
the amount of inorganic N available in the soil for plants; 
competition with non-fixing species for this inorganic N; 
the rate of nodulation and the efficiency of fixation. 
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Table V-3.2. Effect of fertilization with N ( ISO kg N.ha-I as urea), 
fertilization with P (35 kg P.ha-I as Triple Super Phosphate), 
and fertilization with bath N and P (ISO kg N.ha- I as urea and 
35 kg P.ha-I as Triple Super Phosphate) on the production of 
grasses (Cenchr>ua biflor>ua and SchoenefeLdia gi>aciiia and legumes 
(Zor>nia aiochidiata). which forma mixed veeetation. 
Treatment Production (in kg DM•ha-1) of a natural vegetatioa 
two yeara after fertilization: 
Grasses Legumea 
Without fertilization 1200 700 
Without fertilization 800 1100 
With N 1600 500 
With N 400 1500 
With p 3300 1300 
With P 3100 900 
With N and p 5100 400 
With N and P 3900 100 
In Australia it was found that grasses are strenger than legumes in 
the competition for inorganic N in the soil; the latter absorb no more 
than 20% of their total N from the soil. These results were confirmed by 
a pot experiment using the grass Schoenefeldia gracilis and the legumes 
Zornia glochidiata and Alysicarpus ovalifolius. They were grown in 
Sahelian soils in monoculture and mixed culture. Schoenefeldia gracilis 
was strenger in the competition for inorganic N and P. Assuming that the 
same amount of inorganic N was taken up by plants in all the pots, it was 
calculated that of the nitrogen in Zornia glochidiata 38% was absorbed 
from the soil when growing without P in monoculture, 26% with P in 
monoculture, and 28% with P in mixed culture. For Alysicarpus 
ovalifolius, these numbers were 66%, 27%, and 12%, respectively (see 
Figure V- 3.1). 
This means that the more inorganic nitrogen is available to legumes, 
the lower their fixation, although fixation is more effective if 
phosphorus is applied. Therefore, in very intensive farming systems, the 
efficiency of nitrogen fixation by legumes is reduced if more soil 
nitrogen is available. The latter is indeed the situation in the northern 
Sahel, with relatively more nitrogen due to the short growing season. 
200 
Zornia 
( mg N pot-1) 
800 
600 
400 
200 
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-P 
x-------
• 
- -Schoenefeldia 
~ -
-P 
-Al ysica rpus 
(mg N pot-1 ) 
--+ 
Schoenefeldia 
- --+ 
·zornia Schoenefeldia Alysicarpus Schoenefeldia 
Figure V- 3.1. Absorption and fixation of N by legumee (Zornia 
glochidiata and Alyeicarpue ovalifoliue) in 
monoculture and in mixed culture with 
Schoenefeldia gracilie. Without ( -P ) and with 
(+P) phosphorus application. 
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v. 4 Reproductive growth 
Reproductive growth is important fo r two r easons . On the one hand, 
the beginning of this phase ( flowering) is the moment when the growth 
rate decre ases . Thus the dates of germination and flowering determine the 
length of the growing period, and consequently , biomass product ion and 
its quality (dilution o f N) . On the other hand, reproductive growth is 
the basis for each species for the following season, a nd a t the same time 
determines what fraction of the biomass (the seed biomass) will maintain 
a reasonable quality during the dry s eason . 
v. 4 . 1 Flowering date 
A certa i n s pecies growi n g a t the same l ocation for several 
consecutive years flowers more or less at the same date . This is the case 
even if the germination date varies. These observations indicate that the 
flowering date is controlled by a factor which is constant from year to 
year. 
Merlier (1972) indicated already that this factor is the length of 
the daylight period, i.e., photoperiodism. His re sul ts and those of PPS 
emphasize that photoperiodism plays a role in determining the flowering 
date of a number o f Sah elian species. Our resul ts indicate that two types 
of reactions can be distinguished, depending on the length of the 
daylight period: 
Type I 
Type II 
The plant reacts to the length of the photoperiod immediately 
after germination, if this occurs before the longest day 
(21 June). 
The plant reacts to the length of the photoperiod after the 
longest day (21 June) . 
Cenchrus biflorus is an example of type I; Pennisetum pedicellatum 
is an example of type II ( see Figure V- 4.1 ) . Type I plants are more 
common in the Sahel. These species avoid the risk of being unable to form 
seed s when an early rainy season is interrupted. Type II plants, on the 
other hand, have a very long growing period if they germinate early, a 
situation which is more common in the southern Sahel. 
vegetative x 
phase 
(days) 
100 
50 
Aoril 
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Figure V-4.l. Length of the photoperiod (-------) during the 
year at Niono (14° 20' L), and the duration of 
the vegetative phase (-) in relation to 
germination date on irrigated land for: 
- x - Penniaetwn pediaeZZatwn (type Il) 
- o - Sahoenefetdia graaitis (type 1) 
- x - Cenahrus bifto1'!<8 (type 1) 
The induction of flowering takes place at the beginning of the 
growing period for type I plants. This leaves a wide range of 
possi)ilities, however, for the exact moment of induction . For example, 
Zornia glochidiata and Alysicarpus ovalifolius are already sensitive at a 
very young age (~ 1 week). Cenchrus biflorus, Dactyloctenium aegyptium, 
and Chloris prieurii must be slightly older before they become sensitive, 
and Schoenefeldia gracilis must be still older. This explains the closer 
correlation between the length of the photoperiod and the length of the 
vegetative phase for Cenchrus biflörus than for Schoenefeldia gracilis 
(see Figure V-4.1). 
The photoperiodic response is less clear in the field, mainly due to 
the dry periods before the time of induction. Such dry periods affect not 
only growth, but perhaps development as well. Some species cease 
phenological development completely (Schoenefeldia gracilis, Alysicarpus 
ovalifolius), while others continue their development normally (Panicum 
vegetative 
phase 
(days) 
8 0 
60 
40 
20 
April 
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Figure V- 4.2. Length of the vegetative phase in relation to 
the germination date at a latitude of 140 20' N 
f or Scho ene f eldia gracilie , whose eeeds were 
collected at 120 40' NL (- o- ), 140 20 1 NL ( - . - ) 
and 150 30' NL ( - x- ) . 
laetum). An intermediate reaction is shown by Dactyloctenium aegyptium, 
which flowe r s ear lier than would be expected on the basis of photoperiod 
after a standstill in growth . We have also found that the effect of 
photoperiodism depends on the latitude where the seeds were collected. In 
short, the three species studied (Cenchrus biflorus, Schoenefeldia 
gracilis, and Zornia glochidiata) showed a decreasing length of the cycle 
for growth under identical conditions, the further north the seeds were 
produced (see Figur e V- 4 . 2) . Ta ble V. 4.1 s umma r izes the available data on 
behav i our of several species with respect to the various aspects of 
photoperiodism. 
v. 4 . 2 Seed pr oduction 
Fo r any s pecie s , the success of flo wer ing --i. e. , the formation of 
ovaries and seeds-- depends largely on moisture availability during this 
phase. A pr olonged vegetative phase, which gives the species the chance 
to produce a large biomass , also entails the risk that little of this 
biomass can be conver t e d into seeds . We spea k of conversion, since --as 
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Table V-4. 1. The behaviour of several Sahelian species with respect to 
photoperiodism, for varieties from the latitude of Niono, growing at 
this latitude. Typ e I species react to the lengtn ot tne 
photoperiod from germination. Type II species become sensitive to 
this factor only some time later. Borreria radiata, at leas t, must 
have varieties with a much shorter vegetative phase, since its range 
extends north of latitude 17°N, where the number of growing days 
does not usually exceed 20; the length of the vegetative phase is 
given for germination on July 15, in addition to the minimal and 
maximal values observed in experiments on irri2ated land: oroduction 
after flowering is negligible (-)' insignificant (p) or fairlv 
important (+) 
Species Type Duration of the Product ion 
vegetative phase 
in days 
15/7 max min af ter 
flowering 
Tribulis terrestris approx. 15 20 8 + 
Panicwn laetwn approx. 25 29 21 
Dactylocteniwn aegyptiwn II 28 39 25 p 
Zornia glochidiata II? 30 38 20 + 
Cenchrus biflol'UB II 30 44 22 + 
Alysicarpus ovalifoliua II 33 35 20 + 
E:r>agros tis tremu la approx. 35 35 19 
Cassia tora II 36 67 34 + 
E:lionul'Ua elegana I1 40 46 25 
Bor>reria chaetocephala I 40 66 29 p 
Schoenefeldia gracilis II 40 70 30 
Borreria atachydea I 45 93 34 p 
Indigofera astragalina I 45 104 31 + 
Pennisetwn pedicellatwn I 45 123 35 
Blepharis linariifolia II? 46 56 37 p 
Borreria radiata 47 90 42 p 
Diheteropogon hagel'Upii I1 55 approx. 75 37 
Cassia mimoaoides I 68 137 46 + 
already pointed out-- the biomass increases little, if at all, after the 
onset of flowering. 
C4 species translocate the absorbed nitrogen from the vegetative 
tissue when they produce seeds. The C3 species, which continue to grow 
after flowering, show translocation of nitrogen to a much smaller extent; 
apparently they still depend on the largely depleted soil nitrogen 
reserves. 
We have not been able to analyse these processes for all Sahelian 
species, but an impression of seed product ion and its variability for 
several typical species was established (see Table V-4 .2 ) . 
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Table V-4.2. Seed production and it• variability for several 
Sahelian species 
Species Number of Weight of aeed11 Amount of N in 
seeds per as % of total seede as :t of 
plant biomaes total biomau N 
min max min max min max 
Cenchrus biflorus 40 2782 10 18 25 50 
Schoenefeldia gracilis 350 16869 6 13 19 34 
Borr eria radiata 20 3198 14 23 41 59 
Zornia glochidiata 10 616 16 31 33 55 
Bille (1977) provides a long list of species and their seed 
production, by weight as well as by number, but the data vary 
considerably from place to place and year to year. Gaston (1975) 
determined seed production over several years in relation to total 
biomass and rainfall, but he restricted his study mainly to the biotope 
of Panicum laetum and Echinochloa colona. He indicates that for biomasses 
of 0.8 and 4.2 t DM•ha-1, the fraction represented by seeds is 25% and 
40%, respectively. Considering the conversion process, it is not 
surprising that seed production varies so highly in an area where the 
climate is so variable from one place to the other and from year to year. 
V.5 The inactive period 
The word "inactive" may not be adequate, since it describes only the 
inactivity of the plants proper, which are dormant in the form of seeds. 
These seeds and the dead remnants of the plants (straw) are subject to 
several processes. These processes determine, along with earlier plant 
activity, the changes in quantity and quality of forage with time (short-
term dynamics) and survival of the species (effect on next season' s 
growth). In this chapter we will first deal with the changes in quantity 
and quality of forage during the dry season (1), and then with the seed 
balance (2). 
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v.5.1 Loss of biomass and N from <lead vegetation 
The biomass of rangelands consisting of annual plants decreases 
after maturation, in the dry season, and at the beginning of the 
following r ainy season , even if the vegetation is neither g r azed no r 
burnt . lts N content, and therefore its quality, decreases as well . The 
ma gnitude of dec r ease is quite v ar i a ble : some times near ly all the biomass 
has disappeared at the onset of the new rainy season , and a t other times 
d e composition is almos t a bsent . The d e c rease in N con t ent i s mo r e 
constant: it decreases by half. Obviously such losses of biomass , 
particul arly in terms of quality, determine to a large extent the value 
of t h e rangelands a nd t heir carryin g capaci t y. These phenomena were no t 
studied in depth during the PPS project, but a number of observations 
were made at t h e Ranch and along the north- south transect. They are 
analysed and summarized here, and some likely causes of this de c rease 
will be discussed. It should be stressed that only cases were considered 
without grazing and fires . In the lite r ature, it is often found that the 
biomass was determined at the end of the rainy season. Obviously, at that 
moment considerable losses may already have occurred, especially during 
years with late rains. If these losses are not taken in to account, 
productivity will be underestimated . 
There are two types of losses of aerial biomass: material may be 
removed from the site, or fall on the soil . Although losses of the second 
category are real losses insofar as large animals are concerned, this is 
not always the case for small ruminants. However, both types of losses 
will be treated together, as the observations included both . 
Losses occur primarily during the last weeks of the rainy season 
(0%- 65% of the peak biomass), and at the beginning of the following rainy 
s eason (mo s t of what r emains) . In the southern Sahel , the amount o f 
biomass remaining 
mostly negligible ; 
remains. 
from a season till afte r the nex t rainy season is 
in the no r th, however , qui te of t e n a la r ge par t 
Figure V-5.1 presents an example of biomass and N losses from fer -
tilized rangeland at the Ranch, which was followed in detail in 1977 and 
1978. The same phenomena have been observed in many other cases, inclu-
ding unfertilized rangelands . The roots also decay at the end of the 
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Figure V- 5.1. Biomass and N losses of fertilized 
rangeland at the Ranch at Niono (1977 and 
1978) 
rainy season (sometimes right after flowering) and at the beginning of 
the next one. 
During the dry season, three periods can be distinguished, each with 
different causes for losses. They are dealt with below. 
End of the rainy season (mid-September - end of October) 
Seed falling is a primary cause of the decrease in standing biomass, 
accounting for 5% to 25% of the peak biomass. Seed fall may occur 
spontaneously by gravity or wind, or ants may harvest seeds still on the 
plant. Most of the seeds fall during this brief period. 
If strong winds with rain occur after maturation, the vegetation may 
lodge, particularly if the biomass is high. Under such conditions, decay 
may become significant. Especially on clay soils with a high biomass, an 
ideal environment for decomposition may develop. Minerals are leached out 
of the biomass and enter the top layer of the soil. This process is 
strongly related to rainfall, suggesting that losses in rangelands due to 
late rains 
considerable. 
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the same rains tha t are beneficial to crops -- are 
Apart from seed harvesting, losses due to the action of termites and 
ants, as well as other insects or rodents, are rather limited. 
A loss of 10 to 30% of the N and P from the aerial biomass is due to 
dispersion of seeds and seed coats. Since the N content of seeds is 
relatively high, the amount of N and P in the standing biomass decreases 
rapidly when seeds fall . 
However, the observed N losses are often even higher; other 
processes must also play a significant role. This is evident since a 
decrease in the amount of N in the vegetation often begins before plants 
have reached maturity, and even before the seeds drop. Despite the fact 
that these processes may have significant effects, we have not studied 
this phenomenon. The loss of P to a large extent parallels the loss of N. 
Observations reported in a recent review on arable crops by Wetselaar 
(1980) confirm ours. Leaching, redistribution, and volatilization of NH3 
are among the possible causes explaining such phenomena . In the Sahel, 
leaching rnay be significant: in mid-September 1978 we found approxirnately 
0.5 kg organic N•ha-1 in the abundant dew in both fertilized and non-
fertilized plots. If such quantities disappear daily for a decade, we 
would already have losses such as those observed. The dew contained very 
little inorganic N and P. Redistribution of N and P to the roots is 
highly unlikely in annual plants. Volatilization of N as NH3 from the 
living biomass seems to be possible also (Penning de Vries, 1980). When 
organic matter decays on the soil surface, considerable losses of N as 
NH3 may occur, since the decaying mass has a high pH (8 or above). In the 
case of dicotyledones and legumes that lose their leaves early, decay on 
the soil surface sometirnes occurs even during the growing season. This 
was observed on several occasions at the Ranch. A large proportion of the 
N "lost" from the biomass probably returns to the soil. 
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Dry season (October-May) 
On rangelands without fires or grazing, there is little if any 
change ( <15%) in the biomass. In the northern Sahel, however, winds 
sometimes carry off up to 50% of the aerial biomass during the dry 
season . 
At the beginning of the next rainy season, before the first rains , a 
f ur ther decr e a se in the N content of the straw is found, even down to 
0 . 1%- 0 . 2% , whe reas t he P content changes only slightly. Considering the 
low N content, microbial decomposition seems unlikely . There is probably 
volatilization of NH3 f r om pr oteins deg r aded a t high t empera tures, a 
spontaneous process which appears to be of the order of 0. 05%- 0 .15% o f 
t h e protein per day . 
The f ollowing rai n y s ea son (Ma y- Se pte mber ) 
At the beginning of t h e next rainy season t h e remaining biomass 
lodges completely due to strong winds and heavy rains . 
Termites, if present, become very active at the beginning of this 
period, and can harvest a large amount of the plant remnants. It has been 
observed that the N content of the remaining biomass is identical to that 
of the biomass of termite free areas and to that of straw stored in 
termite hills. Thus it appears that termites do not select the best 
available straw. Where termites are abundant, they leave only a small 
part of the biomass above ground . Termites are more frequent in clay and 
loamy soils ( observed in high numbers in 60% of such areas along the 
north- south transect and at the Ranch), and less in sandy soils (observed 
in high numbers in 20% of such areas). 
v . 5. 2 Seed ba l a nce 
The problem of seeds in the dry season is difficult to analyse . It 
is basically a question of the seed balance . Bille (1977) studied this 
problem by determining seed production and the amount of seed found at 
the soil surface during the various seasons at Fété Olé in Senegal 
(±. 300 mm rainfall). At a total production of 29 kg.ha-1, the decrease in 
the seed mass (consumption by birds, rodents, insects, etc.) appeared to 
be 11 kg•ha-1, or a loss of approximately one-third , a number also found 
by Le page ( 1972). There are, however, considerable differences bet ween 
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the various environments; consumption is higher in depressions and wooded 
areas than in high sandy areas. There is, however, a fair amount of 
transport in the last environment, especially due to wind. The other two 
environments have a positive balance in fact, due to this transport. 
During the year of the study, transport affected a third of the seeds 
produced on dunes. An estimate of the magnitude of these processes 
(production, consumption, and transport) does not yet indicate what will 
actually germinate during the following rainy season. First, seeds are 
not always viable, or do not remain so; they do not all find sui table 
spots for germination; and finally, there are losses due to 
discontinuities during germination (see Section V.2). Bille observed an 
average germination of about 10% of the seeds present at the end of a dry 
season. 
Doubtless it is dangerous to make generalizations based on the 
limited number of observations, although such generalizations are often 
necessary due to a lack of experimental data . 
At the Ranch, indications for losses during the dry season in 
relation to the substrate for several important species were obtained by 
comparing end-of-rainy season production with total germination during 
the next rainy season. Table V-5.1 gives the overall data for the three 
years of the study. 
There are many reasons for losses, which favour some species and are 
detrimental to others. The main causes will be pointed out. 
Grazing is an important factor even before the seeds are produced: 
species which are hardly or not at all grazed during the rainy season 
(Zornia glochidiata, Loudetia togoensis, Elionurus elegans, Cassia tora) 
have a better chance of producing seeds than palatable species . 
Certain species cannot be easily grazed after seed formation. These 
include: Tribulus terrestris, Cenchrus biflorus, and the Aristidae, which 
all have thorny inflorescences. If livestock select the inflorescences, 
the fact that in some species the seeds remain in the head ( Blepharis 
linariifolia) may be important in the middle of the dry season. 
Even fire does not have identical effects on the various species. 
Small seeds which have fallen escape fire more easily than those of 
Cenchrus biflorus, for example, which have the additional disadvantage of 
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Table V-5. 1. Seed production (in number and weight per m2) of three 
vegetations at the Niono Ranch and seed losses in the drv 
season, on the basis of germination during the following season. 
eand dune loamy plain clay depression 
-2 
number·m-2 -2 number•m-2 -2 g.m g.m g.m number·m-2 
Product ion 1977 17 103.000 25 27.000 11 12.000 
Germination 1978 4 1. 128 6 2.402 4 683 
Lossea % 76 97 76 91 74 74 
Product ion 1978 18 27.000 36 24.000 12 8.000 
Germination 1979 4 3. 116 3 1.322 2 1 .555 
Loeees % 78 88 92 94 83 81 
highly inflammable seed coats. Species in areas where there are frequent 
fires (e . g . , Diheteropogon hagerupii and Elionurus elegans) have seeds 
which are protected: those of Diheteropogon hagerupii escape in to the 
soil, and Elionurus elegans seeds have a protective shell. 
In general, areas dominated by grasses burn far more readily than 
those dominated by dicotyledones. Low-lying areas of ten escape early 
fires . 
Effective predators are birds, ants, and other insects. Morel and 
Morel (1972) estimated that granivorous birds consume up to 10% of the 
seed biomass. Species selected by birds include Panicum laetum, 
Dactyloctenium aegyptium, and Zornia glochidiata. Gaston (1976) specifies 
that the most popular species are those having round seeds weighing 0.5 
to 1 mg (Echinochloa colona, Panicum laetum) . He reports that rodents and 
insects consume more than 95% of these seeds, if they have not already 
been consumed by birds. 
Ants, which are very abundant throughout the Sahel, constitute a 
group of insects that collects many seeds while they are still in the 
heads . As the season progresses, their preference changes, depending on 
the availability of s.eeds which have just ripened (e.g., Dactyloctenium 
aegyptium, followed by Diheteropogon hagerupii, and then Pennisetum 
pedicellatum). The changing preference means that a fraction of the seeds 
of each species may escape predation . 
Transport may result in a loss for one habitat, but an increase in 
the seed storage somewhere else. Light seeds equipped with special 
Table v-s.2. Signif icance of loss and pr opagation mechanisms for some Sahelian spec i es 
l osses propaga t i on 
livestock fi r e bi r ds ants parasites wind wat e r stomach fur 
Gr a s ses 
Aris tida mutabilis x x x 
Cenchrus biflorus x x 
Dactylotenium aegyptium x x x x 
Diheteropogon hagerupii x 
Echinochloa colona x x 
Eregrostis tremula x 
Panicum laetum -..J x x 
-..J 
Pennisetum pedice l latum x x x 
Schoenefeldia gracilis x x x x 
Dico tyledones : 
Alysicarpus ovalifolius x x x x 
Blepha.I'is linariifolia x x 
Bor'r'eria spp. x x 
Cassi a toru 
Tribulis ter'r'estris x 
Zornia glochidiata x x x x x 
. --- -~ ----------------
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structures may be transported over considerable distances by wind. 
Granier (1975) indicated that such transport is more likely to occur from 
north to south than in the opposite direction, due to the prevailing wind 
direction during the dry season. The same holds for another form of seed 
propagation, via the stomachs or furs of animals, since animals too move 
south during the dry season. Transport from lightly grazed to overgrazed 
areas also occurs , which may for certain spec ies compensate somewhat for 
losses due to overgrazing. 
Runoff, like wind, transports seeds from high to low places, but 
over shorter distances. Wind a nd runoff in conjunction contribute to the 
maintenance of slopes and other bare areas. 
An overall view of loss and transport possibilities for a number of 
Sahelian species is presented in Table V- 5.2. 
V.6 Communities of species and short - and long- term dynamics 
The combination of the various characteristics of a species (as 
discussed in previous chapters) determines the specific locations and 
condi tions ( rainfall, substrate, grazing, bush fires, etc.) favourable 
for this species. One criterion for the success of a species in 
competition with others in the vegetation in a specific environment, 
under specific conditions, is its proportion in the total biomass, at the 
end of the rainy season. 
During the four-year PPS research the biomass of each species in the 
vegetation was determined at 70 sites. These sites are located on a 
north-south transec t and at the Niono Ranch ( see Figure V-6 .1). The 
varying condi tions are primarily determined by mean annual rainfall, 
substrate, and grazing intensity. 
In analysing the data, each observation is treated as a vegetation 
type ( "nodal component analysis"; Noy- Meïr, 1971). The re sul ts obtained 
are communities, as shown in Table V-6.1. In Table V-6.2 the relation 
among communities is shown, based on a classification in fifteen 
communities. The distance bet ween communi ties in the table gives some 
impression of the degree of relation among them. 
Figure V-6 .2 shows the distribution of the communities, based on the 
data of Tables V- 6.1 and V-6.2. In this diagram, the spatial (north to 
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Tahle V-6. 1. Collllilunities at four levels of detail. The name of the collllilunities 
is derived from the dominant or co-dominant species from the 
point of view of hiomass at the end of the rainy season (see key 
for explanation of narnee). 
5 commun1t1ee 10 commun1t1e11 15 commun1t1es 20 commun1t1ee 
1.1 Tra her 1. 1.0 Tra her 1. 1 .o.o Tra her 
+ Tri ter + Tri ter 
1. 2 Lep sen 1. 2. 0 Lep sen 1.2.0.0 Lep een 
+ Por ale 1. 2 .0. 1 Chl pri 
+ Gyn gyn 
1.0. 1 Ari rnut 1.o.1. 0 Ari mut 
Cen hif 1. 0 Cen hif 1 .o.o Cen hif 1 .o.o.o Cen hif 
+ Aly ova + Aly ova + Aly ova + Aly ova 
1.0.2 Era tre 1.0.2 .0 Era tre 
+ Eli ele 
2 Zor glo 2.0 Zor glo 2.0.0 Zor glo 2.0.0.0 Zor glo 
2 .o. 1 Dac aeg 2 .o. 1. 0 Dac aeg 
3 .o.o. 1 Ari fun 
+ Sch exi 
----------------------
3 Sch gra 3.0 Sch gra 3.0 . 0 Sch gra 3.o.o.o Sch gra 
3.0. 1 Pan lae 3.0. 1 .O Pan lae 
+ Bar rad + Bar rad + Bar rad 4. o.o. 1 Bar rad 
----------------------
4 Ble lin 4.0 Ble lin 4.0.0 Ble lin 4.0.0.0 Ble lin 
+ Bar sta 4. 1 Bar sta 4. 1 . 0 Bar sta 4. 1 .0.0 Bar sta 
+ Bar cha + Eli ele + Eli ele 4. 1.o.1 Eli ele 
+ Bar cha + Bar cha 4.1.0.2 Bar cha 
+ Lou tag + Lou tag 5. 1. 1 Lou tag 5. 1. 1. 0 Lo u tag 
+ Pen ped 5. 1 Pen ped 5. 1. 0 Pen ped 5. 1. 0 . 0 Pen ped 
--------------------------------------------------------------
5 Dih hag 5.0 Dih hag 5.0.0 Dih hag 5.0.0.0 Dih hag 
+ And pse 5.2 And pse 5.2.0 And pse 5.2.0.0 And pse 
south) and temporal distributions are represented by vertical ~rrows and 
their length, and by horizontal arrows, respectively. 
The horizontal arrows indicate the transitions found in one place. 
Possible transitions are: 
bet ween groups of perennials, annual grasses, and annual 
dicotyledones; 
between species of two groups of annuals. 
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Key 
Aly ova AZysicarpus ovaZifotius (Schum. & Thorm.) J. Leonard Le* 
And gay Andr>opogon gayanus Kunth. GP 
And pse Andr>opogon pseudapricua Stapf. Gr 
Ari fun Aristida funicuZata Trin. & Rupr. Gr 
Ari mut Aristida mutabiZis Trin. & Rupr. Gr 
Ari sie Aristida sieberana Trin. GP 
Ble lin BZepharis ZinariifoZia Pers. Di 
Bar cha 801•reria chaetocephaZa (DC.) Hepper Di 
Bar rad Borreria radiata DC. Di 
Bar sta Borreria stachydea (DC.) Hutch. & Dalz. Di 
Cen bi f Cenchrus bifZorus Roxb. Gr 
Chl pri ChZoris prieurii Kunth. Gr 
Coc tin CochZospel"171W71 tinctoriwn A. Rich. DP 
Cym gig Cymbopogon giganteus Chiov. GP 
Cym sch Cymbopogon schoenanthus (L.) Spreng. GP 
Dac aeg DactyZocteniwn aegyptiwn (L.) P. Beauv. Gr 
Dih hag Diheteropogon hagerupii Hitchc. Gr 
Eli ele EZionw'Us elegans Kunth. Gr 
Era tre Eragrostis tremuZa Hochst. ex Steud. Gr 
Firn hi s FimbristyZis hispiduZa (Vahl.) Kunth. Cy 
Gyn gyn Gynandr>opsis gynandr>a (L.) Brig. Di 
Hyp spp Hypparhenia spp GP 
Lep sen Leptothriwn senegalense (Kunth.) W.D. Clayton 
Lim vis Limewn viscoswn (Gay . ) Fenzl. 
Lou tag Loudetia togoensis (Pilger.) C.E. Hubbard 
Mie ind MicrochZoa indica (L.f.) P. Beauv. 
Pan lae Panicwn Zaetwn Kunth, 
Pen ped Pennisetwn pediceZZatwn Trin. 
Por ale PortuZaca oZeracea L. 
Sch exi 
Sch gra 
Tra ber 
Tri ter 
Zor glo 
Schizachyriwn exiZe Stapf. 
SchoenefeZdia graciZis Kunth. 
Tragus berteronianua Schult. 
TribuZus terreatris L. 
Zornia gZochidiata Reichb. 
GP 
Di 
Gr 
Gr 
Gr 
Gr 
Di 
Gr 
Gr 
Gr 
Di 
Le 
* Cy a cyperacae; Di • annual dicotyledones; Dp • perennial dicotyledones; 
Gr • annual grass; GP • perennial grass; Le • legumes. 
Table V-6.2. Relation between communities on the basis of a classification in 15 communities. The numbers 
correspond to the numbers in Table V- 6.1. The transition bet ween communities is expr essed as a 
composition of the observations of a community in which another communi t y was found . 
5.2.0 5. 1. 1 5. 1.0 4. 1. 0 5.0.0 4.0.0 3.0. 1 3.0.0 2. 0.0 2.0. 1 1. 3. 2 1.3.0 1.3. 1 1. 2.0 1.1.0 
Communities Number 
Tl'agus berteronianus 1.1.0 10 100 
Leptothriwn senegalense 1. 2.0 10 20 100 
Aristida mutabilis 1. 3. 1 20 10 10 10 100 10 
Cenchrus bijïorus 1.3.0 10 10 30 100 10 20 
Eragrostis tremula 1.3. 2 20 20 10 10 30 50 30 100 30 10 o:i N 
Dactylocteniwn aegyptiwn 2.0.1 10 10 10 10 30 100 30 10 10 
Zornia glochidiata 2.0.0 10 30 20 20 20 30 100 30 50 
Schoenefeldia gracilis 3.0.0 10 20 20 40 20 100 30 30 10 
Panicwn lae turn 3.0. 1 20 JO 10 100 20 20 10 10 
Blepharis lina.riifolia 4.0.0 10 10 40 20 100 JO 40 20 10 
Diheteropogon hagerupii 5.0.0 10 40 JO 30 JOO 20 20 20 10 20 10 20 
Borreria stachydea 4.1.0 10 40 30 100 30 40 JO 20 30 10 20 
Pennisetum pedicellatum 5. 1.0 20 30 JOO 30 JO 10 20 10 10 10 
Loudetia togoensis 5.1 .1 20 JOO 30 40 40 JO 
Andropogon pseudapricus 5.2.0 100 20 20 10 10 
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Figure V-6.2. Distribution and dynamics o~ communities shown in Table V- 6.l 
(see key for full names of species) 
Not all possible transi tions bet ween species of two groups of 
annuals in one area were actually observed. Certain species are 
associated with very specific environments: community 3. O. l (Panicum 
laetum) occupies areas with temporarily stagnant water, and community 
5.1.1 (Loudetia togoensis) is usually found on hardpans. 
Temporal transitions can be very sudden (see Table V-1.1), but they 
can also be smooth and gradual. Perennial grasses may be replaced 
suddenly after a drought, but gradually und e r conditions of intensive 
e x ploitation . Annual dicotyledones appear suddenly, wherea s the 
transition to annual grasses is usually gradual. Perennial grasses 
require more time to reoccupy an area. 
In general , the points of the a r r ows in Figure V- 6 .2 also indic a te 
the furthest northwar d and southward range of a species, as a ffect e d by a 
series of wet and dry years, respectively. 
The distribution of communities, as shown in Figure V-6.2, can be 
described in general terms on the basis of the properties of the species 
( see Sec tions V. 2 to V. 5) . The resul t is shown in Figure V- 6 . 3 . Three 
groups can be distinguished: 
1 . Perennial grasses dominate in the savanna with little or no 
r{•O 
. '1' 
'1 1. 
perennial 
species 
4c 
2a 
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an nu al 
species 
- c. - with high 
germination 
ra te 
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Figure V-6.3. The dynamica of Sahelian rangelands: 
possible replacements between species over 
the years 
la, lb - gradual replacements 
2a, 2b - sudden replacements, due to 
disturbances in the wider sense 
3a, 3b - regenerations during relatively 
stable periods 
4a, 4c - movements of boundaries to the 
north and south, during wet and 
dry periods respectively 
4b - replacement within groups 
4a 
annual 
species 
4b 
- C3 and c. -
with low 
germination rata 
4b 
4c 
exploitation. They can also be found in the Sahel under favourable 
conditions. 
2. Annual grasses that germinate rapidly (C4) dominate in the Sahel. 
They are also dominant in the savanna in places where perennial 
grasses have disappeared as a result of temporary arable farming. 
3. Annual species (dicotyledones and grasses, C4 as well as C3) that 
germinate slowly and have hard seeds dominate in areas with 
disturbances. Disturbances may be caused by exploitation (arabl e 
farming or animal husbandry) , heavy drought , an unfavourable start 
of the rainy season, or bush fires. 
Generally, degradation processes (arrows from left to right) proceeds 
faster than regeneration processes (arrows from right to left). Species 
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that germinate slowly have resistant seeds, which are always present. The 
seeds of rapidly germinating species are less resistant; they may survive 
in a viable form in the soil for a year. Thus the seeds produced by these 
species in one year will determine the population of the following year; 
a long time must pass before a population of rapidly germinating species 
is built up. 
The perennial grass Andropogon gayanus was replaced at the Niono 
Ranch by Borreria spp. following the drought of 1972-1973. After 1976, 
rapidly germinating grasses (such as Schoenefeldia 
Diheteropogon hagerupii) became increasingly common. 
Andropogon gayanus plants were observed. 
gracilis 
In 1979, 
and 
young 
If degradation has been caused by overgrazing , the regeneration 
process will be protracted, since the soil surface has been destroyed. 
V.7 Productivity of perennial grasses and trees 
V.7 . 1 Introduction 
The main dif f erence between perennial and annual species is that for 
nine to eleven months each year annual species exist only in the form of 
seeds and the plant remnants, wh ereas part of the vegetative biomass of 
perennials is always alive. This is a stabilising factor in vegetations 
dominated by perennials, since their activity, though limited, can still 
provide forage of high quality for cattle at the height of the dry 
season. 
Theoretically, annual and perennial species ought to be equally 
productive, since the productivity of both types of plants is determined 
by the same factors, notably water, nitrogen, and phosphorus. 
Nevertheless, a more detailed study may show a difference in productivity 
between them, since the presence of a living vegetative apparatus in 
perennials enables immediate growth after the first rains fall. This, 
combined with a high root to shoot ratio -- and therefore an extensive 
surf ace for N and P absorption -- and a long growth cycle, enables 
perennials to better exploit the limited resources in comparison to 
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annual species. This is illustrated by a comparison between the 
development of the aerial biomass of a rangeland dominated by the annual 
species Schoenefeldia gracilis and another dominated by Andropogon 
gayanus (Figure V-7 .1). Not too much attention should be paid to the 
absolute amount of Andropogon biomass and its nitrogen uptake, since 
perennials have an internal nitrogen recirculation mechanism, and 
moreover the environments where this species grows at the Ranch following 
the drought are very favourable locations. 
An analysis of the role of perennials in animal husbandry shows that 
their total biomass is of less importance than that of annuals. However, 
of far greater importance in perennials are the few green leaves at the 
beginning of the dry season, and their regrowth during the dry season. 
In this context, it is useful to distinguish between two groups of 
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perennials, trees and shrubs on the one hand and perennial grasses on the 
other. On the one hand there is a notable difference in their 
availability in the Sahel, on the other hand the presence of tannins 
restricts the utilisation of the leaves of many woody species by most of 
the livestock. The digestive processes of goats and camels are least 
disturbed by these substances. 
V.7.2 Perennial grasses 
V.7.2.1 Distribution 
We have a l ready po inted out tha t in the Sahel of today , the 
importance of perennial species in the total vegetation is rather 
limited. They have survived only in favourable areas that receive far 
more water than the annual rainfall . At the latitude of the Ranch there 
are still depressions containing Andropogon gayanus, and run on areas 
further north may still have clumps of Panicum anabaptistum. On the low 
plains in the north Cymbopogon schoenantus and Andropogon gayanus are 
found. Moreover there are flood plains dominated by perennial grasses. A 
similar situation in areas which receive only rainfall is located much 
further south, nearly at the northern edge of the savanna. This does not 
mean that perennial grasses should be disregarded in a study of Sahelian 
forage production, since the situation has not always. been the same as at 
present. Moreover, for most Sahelian herdsmen, perennial grasses in the 
savanna and flood plains provide forage for eight months of every year. 
v.7.2.2 Productivity 
The large biomass of, for example, Andropogon gayanus, in ungrazed 
rangeland can give a false impression of its productivity or of its 
annual usable biomass. When Haggar (1970) refers to this species as being 
very useful in supporting the numerous livestock of northern Nigerian 
nomads, he specifies, "by their ability to survive long periods of 
moderate grazing" . Clipping experiments (Cissé and Breman, 1980) have 
shown that the species is sensitive to exploitation: its productivity 
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decreases sharply as the clipping rate increases, eventually leading to a 
high bunch mortality. 
Cissé's work and the project's own , experiments indicate two causes 
for the sensitivity to exploitation. The species cannot withstand having 
its growing points removed too frequently; a single low cut during the 
rainy season can kill it. Under intensive exploitation, reserves are also 
exhausted, reserves remobilized mainly at the beginning of the rainy 
season to start growing more rapidly than annual species. At the end of 
the growing period nitrogen reserves are built up in the root system by 
transport from the aerial parts. This is shown by its distribution and 
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its absolute quantity in the different organs of the plant during the 
main growing period (see Figure V-7.2 ). 
To avoid exhaustion, perennials must not be cut when their reserves 
have just been mobilised at the beginning of the rainy season, leaving no 
possibility for replenishment. In other words, only moderate exploitation 
during the growing period is possible. In that case, however, the quality 
of the plants rapidly deteriorates, due to a decrease in the nitrogen 
content and an increase in crude fibre content, as can be clearly seen in 
Figure V-7.3, which shows the protein content and digestibility in the 
course of the season. The proportion of plant dry matter of "reasonable 
quality" rapidly decreases, from 100% at the beginning of the growing 
season, to 65% by mid- August, to 30% at the beginning of October , and to 
no more than 20% in December, when the biomass is highest. The quality of 
even that fraction also decreases: in July, the protein content of leaves 
is 12%, but only 4% in December, and their digestibility drops from 70% 
to 35% during this period. Thus, taking into account the development of 
the biomass, it can be concluded that for natural Andropogon gayanus 
pastures with a maximum biomass of 5 tonnes per hectare, only 1.5 tonnes 
per hectare is available for grazing by the e nd of September. By that 
time, however, the quali ty of that part is no longer sufficient for 
animal maintenance. 
Thus in the rainy season perennials are not much more productive 
than annuals. Certainly for transhumance animal husbandry, however, they 
play an important role during the dry season and they should be protected 
during the growing season. Further south, where the rainfall is higher, 
these species appear to be less sensitive to exploitation, but fertilizer 
app lication would be necessary for intensive exploitation. 
v.7.2.3 Regrowth 
The phenomenon of regrowth of perennial grasses is believed by some 
to be directly related to the stimulating effect of fire. Experiments 
carried out within the framework of the proj ect on Andropogon gayanus 
have not shown any specific effect; when the dry straw is mechanically 
removed, the same intensity of regrowth is obtained. Light appears to be 
190 
digestibility (%) 
100 ~~~~~~~~~~~~~~~~~~--, 
90 
80 
70 .....,.__~.....-----~.......-
60 
50~"-
proteins 
40 
30 
20 
10 
(g . kg-1) 
150 
100 
50 
J F MAMJJ ASO NO 
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the limiting factor if the straw is left in place: the light intensity at 
the soil surface under intact clumps may be as low as 5% of that in 
direct sunlight. The development of the biomass in the course of the 
season under three different treatments is shown in Table V-7 .i. It is 
obvious that all treatments f avour resumption of growth af ter the first 
rains. It is surprising, however, that before that, productivity is not 
very great, even with irrigation. The very low air humidity in the dry 
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Table V- 7. l. Development of the green biomaee with time 
under three treatmente, which started on 
24/l in the dry seaeon 
Date of observa tion 14/3 15/6 15/7 
Burnt 60 100 1450 
Mown 55 100 1500 
Con trol 25 40 650 
lrrigated 150 200 1800 
season may be the reason for this phenomenon. In any case, the quantity 
of forage provided by regrowth is very limited; it is not very useful to 
determine the biomass of perennials at the end of the growing period if 
rangelands are used only during the dry season. More relevant,however, is 
the density of clumps, since this determines dry season production . The 
other important factor is of course t·he amount of water still available 
during this period, which is inversely correlated with the production 
during the rainy season. The plants absorb water from deeper layers 
during the dry season, and consequently must also take up nutrients such 
as nitrogen from these depths, as shown in Figure V-7.4. If the moisture 
at depth is exhausted, the roots have a constant N content (0. 6% N), 
whatever their depth. 
Figure V-7.5 summarizes the story, showing the development of the 
total biomass and its fraction containing more than 1% nitrogen over the 
year for Angropogon gayanus, with and without fire. Fire is favourable to 
livestock in two ways, since the regrowth produces at least the double 
quantity, and is far more accessible. Without fire, there is 25-50 kg . 
ha- 1 of green material in 4 tonnes of low quality dry matter; with fire, 
there is 100 kg of green material in 100 to 200 kg of unburnt sterns. The 
same holds for other species. In the Niger Delta, Vetiveria nigritana has 
been shown to yield four times as much high quality forage in June, 
before the rains, with fire than without (Breman, et al., 1978). 
It may be concluded that perennial grasses do not differ from 
annuals in the biomass that can be exploited from one year to the next, 
but rather by the constant availability of a quantity of quality forage, 
which benefits livestock in the dry season only if it is burnt or mown. 
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Another advantage is the greater stability of the rangeland, from the 
point of view of both vegetation and soil. 
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V.7.3 Woody species 
V.7.3.1 Distribution 
The discussion in Section V.7 .2. 1 on the distribution of perennial 
grasses also holds for woody species. In addition, however, certain woody 
species benefit from deep moisture at great depth, giving them an 
advantage in areas with much run on and good infiltration, such as dune 
valleys and places where water has accumulated at depth in bedrock 
fissures. (This is why clearly visible tree alignments in aerial 
photographs are used as guides for drilling wells). 
However, apart from these special cases which are rare in the Sahel, 
trees and shrubs use the same water source as the annual herbs. Thus they 
all compete for the same limiting resources: water, nitrogen, and 
phosphate. 
To survive the eight-to-eleven-month rainless period, perennials 
require only a limited amount of water. As previously mentioned in 
Chapter 111, some water usually remains in the soil at the end of the 
growing period of annuals, since in a large part of the Sahel their 
growth is not limited by lack of water, but by the availability of 
nitrogen or by the length of their growth cycle. We have pointed out 
several times already that in the northern Sahel water is the limiting 
factor, and that it can be completely utilized by annuals if their cycle 
is sufficiently long. The cycle length of a species such as Cenchrus 
biflorus, which is abundant in the north, is determined by the length of 
the photoperiod, but growth continues after each rain. Under such 
conditions, there is no soilwater reserve during the dry season; thus it 
is not surprising that woody species are almost absent in the northern 
Sahel (Figure V-7.6). 
The boundary between the south, where nitrogen limits growth, and 
the north, where water is the limiting factor, is not fixed, since it is 
determined by the interaction of soil fertility, rainfall, and 
vegetation. A long series of good years with abundant rainfall causes the 
border to shift northward, wi th the associated species typical of the 
south having long and determinated cycles. Trees and shrubs follow this 
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course, benefitting from the water left in the soil by annual plants. If, 
subsequently, several consecutive ye a rs fo~low with very low r ainfall, 
the boundary shifts southward. The annual herbs in the north with a long 
growing cycle completely e x ha ust the soilwa ter s upply, leaving nothing 
fo r tree s , shrubs, a nd other perennia ls dur ing the dry s e ason . That 
e x plains their disastrous mortality during the drought at the beginning 
of the 70' s. 
v . 7 . 3 .2 Lea f production 
Woody species, as well as perennial grasses, can produce slightly 
more each year than annual species, altho ugh growth is limi ted by the 
same factors. The higher production originates from an early start after 
the first rains, and a langer growing cycle. Thus h igh productivity of 
trees and shrubs could be expected, and even a strong predominance of 
perennials over annuals . Indeed , this would be the case if rainfall was 
stable and herbivores were absent . But such conditions are not common to 
the Sahel, and the density of woody species decreases from south to 
north, which determines in connection with the dry season wa ter supply, 
the yearly productivity . 
As shown in Figure V-7. 6, leaf productivity is almost negligible 
north of the 300 mm isohyet. There are exceptions, in the vicinity of 
permanent settlements with continuous intensive exploitation on sandy 
soils. Under such conditions, annuals cannot even use the lit tle rain 
that falls, so that thorny shrubs utilize this water and form dense 
stands in a radius of 0 . 5 to 2 km around the settlements . 
From the 300 mm to the 1100 mm isohyet, leaf productivity increases 
from 60 kg•ha- l.yr- 1 to 1100 kg •ha- l.yr- 1; leaf production is approxi-
mately 5% of that of herbace ous stratum at 300 mm rainfall, and rises to 
25 % at 1100 mm. 
Loc a l productivity ma y be much higher due to run on . Sinc e r unoff 
increases under grazing, this is another way in which live stock ca n 
stimulate growth of woody species in limited areas. 
v. 7.3.3 
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Forage availability 
Tree leaves are considered a useful supplement to the diet of 
Sahelian livestock. However, it should be realized that stimulation of 
leaf production would be at the expense of production from the herbaceous 
stratum. It is doubtful whether such a stimulation is in fact possible, 
in light of the above arguments. 
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Figure V-7.7. Annual production of the herbaceous stratum 
as a function of the cover of woody species 
(Sotuba, about 1100 11111 annual rainfsll). 
In the field, competition between woody and herbaceous plants is not 
always obvious. First, they do not occupy the same niche. Woody species 
are of ten found in a heterogeneous environment wi th runoff and run on. 
Secondly, due to these same processes, woody species often occupy places 
which are relatively rich in water and minerals. Thus in their vicinity 
herbs often grow well, better than in neighbouring areas that lack run on 
and thus trees. Thus, competitive effects cannot be detected when the 
production of the herbaceous layer of open areas and wooded areas under 
natural condi tions is compared, but only when homogeneous areas are 
compared with artificial differences in tree and shrub density. Such a 
comparative study was carried out on the rangeland of the CNRZ "Sotuba" 
(1100 mm annual rainfall) by Sidibé (1976). He found a difference of 1.5 
to 5 t•ha-1 in production of the herbaceous layer when the cover of the 
woody species dropped from 40% to 10%, a decrease largely effectuated by 
cutting trees (see Figure V-7. 7). 
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To summarize: the advantage of perennials (in this case woody 
species) is not their production potential, but the fact that they 
provide good quality forage for a longer period than the annuals. 
However, unlike in regrowths of perennial grasses, the proteins in leaves 
of woody plants are not easily accessible to livestock. Apart from their 
high position (most of the leaves are above the livestock's reach), the 
leaves often contain a high concentration of tannin which limits their 
digestibility, in combination with a high proportion of crude fibre at 
different periods during the year. It is true that the protein content is 
always above 10%, even at a time when the average for the herbs is only 
3%, but very few woody plants have leaves in the middle of the dry 
season . In any case, digestibility fluctuates only between 20% and 50% 
for most of the 25 species analysed . There are only a few ra r e species 
whose leaves have a digestibility which remains high (50%- 70%) during the 
growing season, notably the Capparidacae Maerua crassifolia, Capparis 
_tomentosa, and Crataeva religiosa. 
V.8 The ·effect of rainfall, bush fires, and exploitation on the 
communities 
v . 8.1 Introduction 
In the previous chapter long- and short-term dynamics were discussed 
on the basis of the three main groups shown in Figure V-6.3. The overall 
effect of rainfall and exploitation on the dynamics of the three groups 
has been discussed. In this chapter, the effect of rainfall (2) , 
exploitation (3) and bush fires (4) on the dynamics of the communities of 
Figure V-6.2, wiil be treated in more detail. The effect of substrate is 
not dealt with separately, since it influences the dynamics of the 
communities indirectly by changes in the amount of water infiltrated, 
which in turn is dependent on rainfall, exploitation, and bush fires. 
199 
v.8.2 Rainfall 
We have seen t hat the distribution , f r equency, and level of r ainfall 
in association with the soil characteristics greatly influence the 
availability of wate r to plants (Chapter III) . This moisture 
availability, particularly at the beginning of the growing season , 
dete r mines species composition in combination with the various 
cha r acte r istics of the species, such a s the r ate of ge rmination and 
establishment (Chapter V. 2). 
A rainy season which begins with light showers dis tr ibuted evenly 
over time favours the rapidly germinating species ( col!Dilunities with 
Schoenefeldia gracilis, Diheteropogon hagerupii, Loudetia togoensis, 
Cenchrus biflorus, Andropogon pseudapricus, etc.). 
A rainy season which begins with one or several heavy rains results 
i n a mixed stand of r apidly germina t i ng and s lowl y germinat i ng s pecies. 
However, the vegetation will be dominated by the rapidly germinating 
species due to their higher growth rate (C4 versus C3) . Thus in that 
case, the dominant col!Dilunities will be the same as mentioned above. There 
a r e changes from one year to the next among these communities, which are 
characterised by the rapidly germinating species (see Table V- 1.1, 
Schoenefeldia gracilis (1978) and Cenchrus biflorus (1977)). This is due 
to small differences in the rate of germination. 
A rainy season which begins with light showers, interrupted by long 
dry periods, f avours slowly germinating species ( dicotyledones and the 
grasses Eragrostis tremula and Elionurus elegans). Under these 
conditions, the rapidly germinating species will be eliminated. 
Thus, differences at the beginning of the rainy season may result in 
four different communities in the same place over four consecutive years 
(see Table V- 1 . 1). 
v . 8. 3 Exploitation 
We have seen that the surface of fine - textured soils (with a high 
proportion of silt, very fine sand, or clay) is extremely sensitive to 
the formation of a crust or warp. The effect of such a crust or warp is a 
decrease in infiltration and consequently an increase in runoff. Due to 
the runoff, there is less water available on high spots, and more in 
200 
depressions. This heterogeneous distribution of water influences the 
community pattern . There is a greater likelihood of dry periods at the 
beginning of the rainy season and thus of the presence of communities of 
slowly germinating species . Runoff creates areas suitable for 
ex ploitation, since the runoff water creates watering places for 
livestock. Conversely, exploitation increases the risk of runoff (crust 
and wa r p) . Mo r eover , short cycle species pr edomi nate on exploited 
hillsides , and long cycle species in depressions (both perennial grasses 
and trees and shrubs). 
Zornia glochidiata has a special type of germination (see Section 
V. 2 ) . It regermi nates after each dry per iod at t he beg inni ng of t he 
season , s o t ha t heavily exploited hillsides liable to crust and warp 
formation favour Zornia glochidiata . 
v.s.4 Bush fi r es 
Bush fires are most common in areas with a homogeneous biomass 
greater than 1 t •ha- 1. This explains why they hardly occur north of the 
300-400 mm isohyet. South of the 700 mm isohyet, the vegetation burns 
every year. In the intermediate zone, bush fires are more frequent on 
sandy soils, since the vegetation there is more homogeneous (high 
infiltration rate). Moreover, there is very little termite activity in 
these areas. 
Bush fires influence the dynamics of the communities in two ways: 
1. directly, via the seed balance, and 
2. indirectly, via the burning of the biomass. 
The plant characteristics involved here are mechanisms for protecting 
seeds against fires and germination strategies. 
In places where the vegetation bur ns frequently, the dominant 
communities are those of species having mechanisms to protect their seeds 
against fire (Diheteropogon hagerupii , Loudetia togoensis , Elionurus 
elegans: see Section V. 5). Species with small seeds, that escape fire, 
are also found (Schoenefeldia gracilis, Eragrostis tremula). Cenchrus 
biflorus has a seed coat which burns readily, which may explain why it is 
not found in the south, despite its strong competitive ability. Cenchrus 
does indeed have a short cycle, but it continually forms new shoots and 
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flowers. Cenchrus biflorus is found in the south in cultivated areas that 
are protected against fires. 
In sandy areas with little termite activity and a vegetation 
dominated by grasses, dry biomass accumulates over a period of two or 
three years. This biomass inhibits germination of rapidly germinating 
species such as Diheteropogon hagerupii, Schoenefeldia gracilis, and 
Cenchrus biflorus. At the beginning of the rainy season the upper soil 
layers under the dry biomass do not dry out quickly, so that rapidly 
germinating species can germinate in such areas, even with very little 
rain. Nevertheless, eventually the water does evaporate through this dry 
biomass, so that the soil becomes completely dry and the seedlings die. 
As a resu l t rapid l y germina ting species lose their seed reserve , and a 
vegetation dominat e d by slowly genninating species ensues (Bo rre r i a 
radiata, Alysicarpus ovalifolius, Elionurus elegans) . Almost all these 
species are dicotyledones which produce little biomass and easily lose 
their leaves. Thus after a year or two rapidly genninating species 
prevail. 
Obviously, this cycle of communities cannot exist if there are bush 
fires. 
V.9 Calculation of the average production of natural rangeland and the 
relation between this production and rainfall 
v.9.1 Introduction 
The theory explaining actual production of rangeland was presented 
in Section IV.7, where the equilibrium under average rainfall conditions, 
following a long period with a specific type of exploitation, was 
discussed. In this part the theory is applied to the north-south transect 
and the Niono Ranch, in an attempt to estimate the average biomass and 
its nitrogen content under average rainfall conditions (Section V.9.2). 
The results will then be compared to actual observations: 
Thirty-five sites between the 200 and 1100 mm isohyets were 
selected. The aerial biomass and its nitrogen and phosphorus content 
were detennined at the end of 2-4 rainy seasons between 1976 and 
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1979. These results will be used to analyse the influence of 
rainfall in the Sahel from north to south (Section V.9.3). 
Thirty-five sites at the Niono Ranch were selected and the aerial 
biomass determined at the end of the growing season between 1975 and 
1979. These results will be used to determine the consequences of 
variations in rainfall at a given location from year to year 
(Section V.9 .4 ). 
The indirect effects of rainfall on productivity require special 
attention for the relation between rainfall and species composition 
(Section V. 9.5) . Finally, the relation between rainfall and forage 
quality will be discussed (Section V.9.6). 
v.9.2 Actual production based on theoretical considerations 
The amount of ni trogen in the aerial biomass at flowering can be 
estimated from Equation 4.8, using as inputs: mean precipitation (P), the 
fraction of legumes in the vegetation (1), the N concentration in the 
legumes ( cNleg), the frac tion of N in the legumes originating from 
fixation (F), the N concentration in the aerial biomass (cNb), and the 
fraction of nitrogen lost annually from the ecosystem (f). The situation 
under study has been the same long enough to assume an equilibrium, as 
described by the above equation. Later we will deal with the fact that 
the real situation is different, since the study was carried out 
following a drought which profoundly affected both livestock and plants. 
v.9.2.1 The north- south transect 
Table V-9.1 presents estimates of the relevant factors (cNb, cN1eg• 
F, and f) in relation to mean annual precipitation (P). The numbers hold 
for a north-south transect representing an average situation in the 
Sahel, and for two types of substrates: one without runoff (case A) and 
one with 20% runoff (case B). We limited ourselves to a situation in 
which the legumes (L) constitute 5% of the total biomass, and an 
estimated 75% of its nitrogen is fixed at an annual rainfall of 600 mm 
and higher, a value which drops to 50% at 100 mm (F). All factors are 
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Table V-9 .1. Nitrogen in the aerial biomass (Nb, in kg•hs-1 ), 
the aerial biomass (B, in kg•ha-1), snd the 
factors affecting them (cNb, cN1eg• F, snd f) 
along a north-south transect ref lecting the 
sverage Sahel eituetion for two types of 
substrate: one without runoff (esse A) end one 
with 20% runoff (esse B). 
Csee A: No runoff (R • 0) 
lsohyets lnf iltrated 
(P) 
400 
600 
800 
1000 
water 
400 
600 
800 
1000 
0,010 0,0235 
0,003 0,0195 
0,006 0,0175 
0,005 0,0 165 
Csee B: 20% runoff (R • 20) 
40ü 
600 
800 
1000 
320 
480 
640 
800 
0,012 
0,009 
0,007 
0,006 
0,0255 
0,02 20 
0,0190 
0,0175 
F f 
0,65 0,40 
0, 75 0,45 
0,75 0 , 50 
0, 75 0,60 
0,61 
0 , 69 
0, 75 
0,75 
0,40 
0,45 
0,50 
0,60 
11 ,4 
15, 7 
19,3 
19,5 
10,8 
15, 1 
18,5 
18,4 
B 
1140 
1960 
3215 
3900 
900 
1675 
2640 
3065 
based on observations along the north-south transect. To determine cNb 
and cNleg, for example, the ratio between rainfall and nitrogen content 
of the biomass (see Section V. 9.5) was used. If there was runoff, cNb and 
cNleg were calculated using the amount of water infiltrated instead of 
the mean rainfall. 
By applying Equation 4 . 8, we were able to use values of Table V-9 .1 
to calculate the average amount of nitrogen in the aerial biomass as a 
function of the mean rainfall. From these values, the average biomass (B) 
could be calculated. The results are shown in Figure V-9.1 (a and b). Two 
curves are shown: one indicating Nb and B in a situation with high 
infiltration rates and no runoff (R = 0), and the other a situation with 
20% runoff (R = 20) . 
The figure clearly shows that the nitrogen yield increases from 8 to 
18 kg •ha- 1 from the 300 mm to the 800 mm isohyet. At higher rainfall it 
hardly changes under current exploitation methods, and is on the order of 
18 to 20 kg•ha- 1, depending on the amount of runoff. 
The biomass increases practically along the complete transect with 
an increase in ave rage rainfall, leading to greater ni trogen dilution 
between 800 and 1000 mm annual rainfall, at which point the amount of 
Nitrogen 
(kg · ha-1) 
30 
20 
10 
Dry matter 
(kg · ha-1) 
6000 
4000 
2000 
0 
a. 
b. 
200 
204 
·===::·(A) .~· (B) 
./· 
~ 
~· (A) 
~:----(8) 
~:~ =·~ 
400 600 800 1000 (mm) 
lsohyets 
Figure V-9.1. Amo unt of nitrogen in the aerial biomaee 
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nitrogen in the biomass does not change significantly: the nitrogen 
concentration at the end of the growing period continues to fall, from 
0.006 to 0 . 004. 
v.9.2.1 The Niono Ranch 
Mean annual rainfall at Niono is about 600 mm, but a significant 
amount of water is lost, as a result of runoff (about 20%). The nitrogen 
balance is thus that referring to an annual infiltration of 480-600 mm. 
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Given the frequency and extent of fire at the Ranch, the estimated 
average loss of nitrogen amounts to 15% of Nb per year. If the loss due 
to grazing and insects is estimated at 5% (the exploitation pressure at 
the Ranch is very low), a value for f = 0.45 is obtained. According to 
Equation 4.8, the nitrogen in the biomass will reach an average of 15.1 
to 15. 7 kg•ha-1; with a nitrogen concentration of 0.8% to 0.9% at 
flowering, one could expect an annual biomass production of 1675-
1960 kg•ha- 1. 
V.9.3 Comparison between theoretical and observed production 
The dry matter yields for several years at the sites along the 
transect are shown in Figure V. 9.2 as a function of mean annual rainfall . 
A comparison with the theoretical calculations in Section V. 9. 2 shows 
that the theory does not contradict these observations. Given the basis 
for the calculations, no more definite proof can reasonably be expected. 
Firstly, the basic data (Table V.9.1) refer to an average situtation, 
whereas each site has its own history and particular characteristics. 
Moreover the following points should be taken into account: 
1. Actual rainfall: actual rainfall was less than normal, and sometimes 
much less, at almost all sites on the transect during the years of 
observation. 
2. Species composition: the characteristics of the species determine 
whether and how the limited amount of N and P available, in a given 
place with a given rainfall, will be used. 
3. Availability of N and P: the inherent availability of N and P varies 
from one site to the other. 
4. Dilution of N and losses of N after flowering: the calculated 
biomass is the biomass at flowering, whereas the observed biomass is 
the biomass at the end of the growing period. 
v.9.3.1 Actual rainfall 
Actual annual rainfall at the sites was estimated and compared to 
the normal average rainfall. Three classes were distinguished in that 
way: actual rainfall less than 0.5 times the normal rainfall, between 0.5 
and 0 .75 times the normal rainfall, and between 0.75 and 1.0 times the 
normal rainfall. These classes were used to construct Figures V.9.3a, 
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b, and c. These three figures represent the total aerial biomass of the 
herbaceous stratum, and the total amounts of nitrogen and phosphorus in 
this biomass, respectively, as a function of mean annual rainfall. The 
figures show that in general the biomass and the quantities of N and P it 
contains increase with increasing level of rainfall, but there are often 
exceptions to this rule. This is due to the specific characteristics of 
the vegetation at a given location. N and P play their role, in 
combination with the quantity of seeds (or perennials) at the outset of 
growth. These quantities vary considerably from year to year and from one 
place to another (see Section v.5) . Although the mean values are related 
to the mean rainfall, there is no relation to the ac tual rainfall in a 
future season. Thus, although on the average that will not be the case , 
it is possible that a favourable rainfall season starts very irregular, 
killing off most of the seedlings . In such a case there is a delay in 
growth, leading to a limited uptake of N and P and low production. 
Conversely, a relatively dry year may have a favourable start and 
consequently high production. It should be realized that in the latter 
case the production of biomass will be more strongly affected than uptake 
of N and P: lack of rain means little or no time for the dilution of N 
and P. 
This is one of the reasons why the relation between actual 
infiltration and biomass production shows less variation than that 
between infiltration and uptake of N and P. This is shown in Figure 
V-9.4, which is constructed from Figure V-9.3 by replacing mean annual 
rainfall by actual infiltration (actual rainfall corrected for runoff). 
The maximum range in measured production at a certain point drops from 
4200 kg·ha-1 (500 mm isohyet with the highest number of observations) to 
2000-2500 kg ·ha-1 (whole range of infil tration values) as a result of 
this adjustment (compare Figures V- 9 .3a and V-9.4a). However, the maximum 
range for the amounts of N and P taken up does not change signficantly 
(compare Figures V- 9.Jb and c with V-9.4b and c). Thus the amount of N 
and P taken up, although related to actual infiltration, is strongly co-
determined by the site characteristics, but the production at a given 
uptake of N and P depends on actual infiltration. 
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v.9.3.2 Species composition 
According to Section V.9.3.1, there is a relation between biomass 
production and the amount of water infiltrated during the rainy season, 
although the variation is still of the order of 2000 kg•ha-1 (Figure V-
9.4a). This relation is very close to that found by Sicot (1979), shows 
less variation than the one based on annual rainfall. 
Can it thus be concluded, as in Sicot (1979) for example, that "the 
existence of a relation between production and effective rain shows that 
the latter factor is highly limiting?" The reality appears to be more 
complicated. The concentration of N and P in the biomass should be much 
higher in the cases observed by Sicot (1979) and in our situation. The 
direct effect of water availability may be present below 300 mm 
infiltration (exponential relation between production and infiltration, 
Figure V- 9.4a). For the transect as a whole, the influence of moisture 
availability on the vegetation and its composition masks variations in 
soil fertility of the sites. The variation in Figure V-9. 4a can be 
partially explained by differences in utilization efficiency by different 
communities of the limited amount of N and P available. The species 
composition plays an important part in these differences, as 
schematically presented in Figure V-9. 5. The graph is based on the 
various plant groups (see Section V.6) dominant at the sites during the 
years of observation. In the figure, these groups are indicated by the 
dominant species in the biomass. 
In this context three characteristics of the vegetation are 
important in determining the final biomass, given a certain availability 
of water, N and P: 
- the rate of growth directly after establishment; 
- the length of the cycle; 
- the efficiency of photosynthesis (C3 or C4). 
The rapidly germinating C4 grasses (or perennials) produce a higher 
biomass than the C3 dicotyledones or the slowly germinating grasses. 
Moreover, the longer the growing period, the higher the biomass produced. 
The length of this period depends on water availability, but even more on 
the length of the cycle. The length of the cycle increases from Cenchrus 
biflorus to perennials, such as Andropogon gayanus. The same range is 
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present in the group of "poor" producers, i.e., dicotyledones and slow 
germinators. 
Cenchrus biflorus is a special case, due to the fact that this 
species has a very short vegetative cycle, allowing it to survive in 
regions with very low rainfall; at the same time, the species continues 
to produce vegetative rnaterial while flowering. Therefore it can also 
compete well in regions with a higher rainfall, and all the more so 
because of its high cornpetitive ability. For two reasons, however, 
Cenchrus biflorus does not range very far south: 
- it is sensitive to fires; 
- it gerrninates well only in loose sand. 
These two phenomena seem to be related to the structure of the seed 
coat. Therefore the community dorninated by Schoenefeldia gracilis (which 
includes Cenchrus biflorus) is more abundant north of that dominated by 
Diheteropogon hagerupii where there are loarny or clay soils. 
v.9.3.3 Availability of N and P 
Since our observations were made at the end of the growing period, 
it is obvious that they cannot be used for growth analyses as presented 
in Section IV.5. They do reflect, however, -- at least partly -- the 
relative fertility of the different sites, but the main interest is the 
information provided with respect to the quality of the vegetation at the 
beginning of the long dry season. 
It has been pointed out that the amounts of nitrogen and phosphorus 
in the biomass depend primarily on their availability, thus on soil 
fertility at the site. Secondly, the utilization capacity of the 
vegetation plays a role, which is determined by moisture availability and 
biomass development. Although the observations cover only a limited 
number of years, a first indication for the amounts of N and P that the 
soil can supply rnay be obtained by the mean quantities in kg•ha-1 in the 
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aerial parts of the vegetation at the end of the growing season. These 
values, averages for the 2 to 4 year observation period, are presented on 
the ho r izontal ax es of the g r aphs of Figur e V-9. 6 . The vertical ax is 
presents the biomass yield of individual years at a specific availability 
of N (a) and P (b). To indicate the r ole of moisture availability , three 
symbols were used representing three different levels of available water. 
The figure further differentiates betwee n data from repr e sentative sites 
(mainly to the left of the dotted ver tical line) and from sites subject 
to overexploitation, with heavy run on (mainly to the right of the line). 
The average quantity of ni trogen in the a er ial biomass between the 200 
and 1100 mm isohyets of t he north-south transect was 3 to 20 kg·ha-1 . Up 
to 30 kg·ha-1 was found only in places where ar.imal manure was 
accumulated. The biomass production at a given level of nitrogen uptake 
varies e no rmously. Low pr oduc tion is associa ted with t he f ollowing 
factor s : 
low moisture availability (runoff or low rainfall); 
vegetation dominated by legumes; 
vegetation dominated by dicotyledones (generally with delayed 
germination and incomplete cover). 
The consequence of the low productivity is a relatively high 
concentration of nitrogen (Figure V-9.6: lower right half of the cluster 
of dots), and usually a relatively high concentration of phosphorus as 
well ( see figure). However, a comparison of Figures V-6 a and b shows 
that in the case of P more observations are situated at the extreme ends 
of the uptake axis. The mean value of the P/N ratio for all end- of-season 
observations is 0.10. Taking into account that the relative losses of P 
are lower than those of N (Section IV.5), it may be concluded that, in 
general, the P/N ratio is below 0 . 10 along the north-south transect. 
However, in places where animal manure has accumulated, the mean value is 
higher because the availability of P increases more than that of 
nitrogen, fo r whi ch t he system is muc h more open . At the same time more 
areas are relatively poor in phosphorus, as follows from a comparison 
between the number of sites with less than 1 kg P·ha-1, and those having 
less than 10 kg N•ha-1. In other words, the distribution of available 
phosphorus is more heterogeneous than that of nitrogen, as a result of 
the fact that the system is much more open for nitrogen. 
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v.9.3.4 Dilution of N and its losses after flowering 
The biomass calculated from Equation 4.8 is that at flowering, 
whereas in the field the biomass was determined at the end of the growing 
season. As explained in Section IV. 5 nitrogen can be diluted after 
flowering. Whether this will actually happen largely depends on the 
rainfall after flowering, which determines production between flowering 
and the end of the growing period. Thus the field observations during 
1976-1979 should generally be higher than the values calculated from 
Equation 4.8. 
In Section IV.5 it was shown that considerable amounts of nitrogen 
may be lost after flowering ( see Figures IV-5 . 3 and 5 . 4). This means 
that, in general, the amount of nitrogen determined at the end of the 
growing pe r iod will be lower than the amount calculated (Nb) • 
v.9.4 Annual biomass production in relation to local year to year 
rainfall variability 
It may be expected that the relation between production and annual 
rainfall is different for the north-south transect, with its rainfall 
gradient, than for variable annual rainfall at a given location. 
For the north-south transect average rainfall is important because 
of its influence (direct and indirect) on nitrogen availability, seed 
availability, and species composition. At a given location, however, the 
influence of fertility level and vegetation composition may neutralize 
the effect of rainfall variability. Nevertheless, vegetation dynamics may 
interfere in such a way that a rainy year is not necessarily more 
productive than a drier one . Several examples we re observed along the 
transect, such as a site at the 550 mm isohyet (gently sloping, non-
exploited dunes): For three years, annual effective rainfall was of the 
order of 450 mm, and the associated production was 1700 kg•ha- 1, 
900 kg•ha-1, and 2000 kg•ha-1. Surprisingly, the biomass was also 
2000 kg•ha-1 in a year with only 350 mm of effective rain. On the two 
occasions that a biomass of 2000 kg•ha-1 was measured, the vegetation was 
dominated by Diheteropogon hagerupii; Blepharis linariifolia and 
Polycarpaea corymbosa composed more than 70% of the of 1700 kg•ha- 1, and 
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a vegetation consisting almost completely of slowly germinating grasses 
and dicotyledones yielded a biomass of 900 kg•ha-1. 
This example illustrates that the effects of year-to-year variations 
in rainfall at a given site are complex, since annual variations in 
species composition and seed availability interfere with the effect of 
moisture availability per sé. These variations are in turn determined by 
the exploitation method, frequency of fires, the rainfall history at the 
site, and the distribution of rainfall during the year under study. 
If the composition and the size of the seed supply are constant in a 
given location at the beginning of the rainy season, rainfall may 
influence productivity by its distribution, its total amount, and the 
duration of the rainy season. Three situations may be distinguished: 
the extreme north (annual rainfall less than 200 mm), where water is 
the limiting factor; 
an intermediate zone (200 to 500 mm annual rainfall), where soil 
fertility increasingly replaces water as the limiting factor; 
the south (annual rainfall above 500 mm), where soil fertility is 
the limiting factor. 
At sites north of the 200 mm isohyet, one would expect a direct 
relation between productivity and rainfall. However, the biomass after 
establishment is very low there. The irregularity of the rainfall 
increases as the amount of rain decreases, thus several germination 
flus hes may be lost, while the seed supply is al ready limited. At the 
same time losses by soil evaporation are high, since the vegetative cover 
is low. Growth is exponential during the short period that water is 
available, and never reaches the linear phase. For these reasons, year-
to-year variations in rainfall have limited effect. 
In the intermediate zone, initial biomass is higher and the growth 
period is longer. When growth begins nutrient availability is not yet a 
limiting factor, so growth of the vegetation may enter the linear growth 
phase in good years, but not in years with low rainfall. Thus year-to-
year variations in rainfall may be expected to have strong repercussions, 
especially via the total amount of available water. 
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South of the 500 mm isohyet, the situation is different: the 
availability of N and P determines the rate and max imum level of 
production throughout most of the growing period . Rainfall plays a role 
only via its direct effect on N availability (0 . 65 kg N•ha- 1.100 mm- ] 
Section IV . 2) and via its indirect effect on the duration of 
mineralization (see Section IV.4). However, the latter effect is 
moderated by the photoperiodism of the vegetation (Section V. 4) . In other 
words, the effect of year- to - year v a riations in rainfall is r elatively 
limit e d in t his thi r d z one. 
To verify this theory , sites we re selected in which vegetation 
dynamics were relatively important during the years of the study: some 
dominated by Cenchrus biflorus, some by Schoenefeldia gracilis, one by 
Diheteropogon hagerupii, and one by Andropogon pseudapricus (fröm north 
to south ) . For sites wit h a fair l y stab l e vegetat i on composition 
production increase with rainfall was lower at . the northern end of the 
transect than in t he south of the Sahel . In contrast, the relation 
between rainfall and productivity south of the 500 mm isohyet , if 
present, is completely masked by the effects of other variables . 
At two sites dominated by Cenchrus biflorus, at the 200 and 325 mm 
isohyets , with an actual infiltration of 0 to 100 mm and 100 to 200 mm 
(three- year average), respectively, an increase in annual production of 
400 kg•ha-1 per 100 mm infiltration was observed . At four other sites 
between the 400 and 500 mm isohyets , three dominated by Schoenefeldia 
gracilis and one by Diheteropogon hagerupii, with an actual infiltration 
over four years varying from 125 to 250 mm and from 460 to 730 mm in the 
ex treme cases, an increase in annual production of 900 kg •ha- 1 per 100 mm 
infiltration was observed . But for two sites south of the 500 mm isohyet , 
dominated by Schoenefeldia gracilis and Andropogon pseudapricus 
respectively, no significant relation was found between productivity and 
actual infiltration, despite a difference of 175 mm in the amount of 
i nf i ltra tion between the d r i e st and we tt est ye ar . 
It is therefo r e not su r p r ising tha t a t the Niono Ra nch as a whole 
(at an average rainfall of 580 mm), the influence of rainfall on 
productivity is masked by factors related to vegetation dynamics, as 
shown in Figure V- 9. 7. The same figure shows a slight influence of 
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rainfall variations on the productivity of natural rangeland at CNRZ -
Sotuba (Bamako, average annual rainfall 1100 mm). These rangelands are, 
however, dominated by perennial grasses, so that species composition and 
initial biomass are far more stable than in annual rangelands. It should 
also be pointed out that the yield determined at the Niono Ranch vary 
between 1500 and 3400 kg•ha-1, whereas theoretical calculations lead to 
an average yearly production of 1675 to 1960 kg•ha-1 at flowering. If the 
N is completely diluted (O. 5% at the end of the growing period), 
production could theoretically increase to 3020-3140 kg•ha-1. The 
agreement between observations and theory is even better than the figures 
suggest, since the high production of 1969 (3400 kg•ha-1) was determined 
in a vegetation with a high proportion of perennial grasses, whereas the 
theoretical estimations are based on present-day annual vegetations. 
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Moreover, the very low value of 1979 was due to a serieus depletion of 
the seed stock that year as a result of irregular rainfall at the 
beginning of the season . 
v.9.s Rainfall and species composition 
A general description of the distribution and dynamics of Sahe lia n 
plant species has been presented in Section V. 8. In this contex t rainfall 
plays a r ole , par ticula r ly thr oug h its amount and dist r ibution a t the 
beginning of the rainy season and its total annual amount . The beginning 
of the rainy season is crucial for the establishment of the vegetation of 
a specific year, as is the success of seed-produ ction d ur i ng t he p revious 
year . A rainy season beginning with small rains at high frequency faveurs 
rapidly germinating species: C4 grasses in particular, but legumes as 
well . A rainy season beginning with one or more heavy rains l eads to t h e 
germination of both rapidly and slowly germinating species; thus a mix ed 
vegetation is established. Nevertheless, the C4 grasses -- the fi r st to 
germinate -- will dominate the vegetation . A third extreme is a rainy 
season beginning with light rains interrupted by long dry spells so that 
the rapidly germinating species are largely eliminated, which results in 
dominance of slowly germinating species. These are pioneer species , such 
as Borreria spp, Polycarpea corymbosa, Fimbristylis spp, Eragrostis 
tremula, etc. 
The last type of species is present in all three cases but only in 
the lat ter will they actually domina te, and produce a large number of 
seeds . For rapidly germinating species , the risk of low seed production 
exists only in the third case, unless the total amount of rain in the 
other two is less than required for complet ion of the growth cycle . 
However , a negative influence lasting more than one year is only visible 
after a succession of such years . In that way a species may gradually 
disappear f rom the northern ex tent of its distribution zone . Chang e s in 
the opposite direction were obse r ved after a series of years with 
abundant rainfall . 
Within a group of C4 grasses with a cycle length enabling them to 
survive under the same rainfall conditions, almost total replacement can 
be observed from one year to the next : for example , Cenchrus biflorus can 
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Figure V-9.8 . Effect of climatic variations on the 
relation between productivity and actual 
infiltration as inf luenced by vegetation 
dynamica. 
be replaced by Schoenefeldia gracilis, and vice versa. Simula tion 
experiments in controlled environment rooms have shown that small 
diffe rence s in germination rate may cause this. Cenchrus biflorus 
germinates the first day after the first ra ins , whereas Schoenefeldia 
gracilis takes a day and a half to complete germination. Resistance to 
tempora r y droughts and the heterogeneity of germina tion are also 
selection c riteria within groups . 
Slowly germinating grasses and dicotyledones rarely dominate for 
several years, apart from unusual situations with high runoff and run on 
("brousse tigrée" and certain over- exploited areas). Along the transect, 
C4 grasses dominated in 84 cases, slowly germinating species in 20 , and 
both groups were approx imately equal in 25 cases (35 sites, described 
over 2- 4 years) . 
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The dynamics of perennials has already been explained in Section 
V.7; its consequences for production have been explained above. 
The effects of the various changes in species composi tion on the 
relation between production and rainfall is schematized in Figure V- 9.8, 
which is based on Figure V- 9. S. In both figures the vertical range 
represents to a large extent the effect of vegetation dynamics. Long- term 
changes are the shifts in the northern boundary (series of good rainy 
years) or southern boundary (series of unfavourable years with low 
rainfall) of a species. 
Their effects can be inferred from a comparison of the situation 
before and after the drought at the beginning of the 70's. 
v.9.6 Rainfall and forage quality 
In the literature, forage quality of Sahelian rangelands is 
generally associated with species composition. This is a simplification 
which does not take into account soil fertility, and attributes too much 
influence to the role of species. In fact, forage quality is determined 
by: 
- soil fertility (N, P, etc.), 
initial biomass, during the period of inorganic N accumulation in the 
soil, 
length of the growing period -- the period for dilution of nutrients 
taken up by the vegetation, 
- the extent to which species can dilute nutrients: 
C4 nitrogen up to 0.3%- 0.5%, 
C3 nitrogen up to ± 1%, 
nitrogen- fixing capabilities, i.e. legumes. 
Thus, instead of examining each species separately, it often suffices to 
distinguish between the C4 and C3 species (exc luding legumes), and to 
take the length of the growing cycle into account. Using this approach, 
differences among species in their nutrient uptake capacity, as have been 
observed, are ignored. However, these differences are only of importance 
when fertilizer is applied, j.e., at a high soil fertility level. 
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Table V-9.2. Productivity and nitrogen level at the end 
of the rainy eeaeon in relation to the 
length of the growing cycle for three 
important grasses. The biomass and N content 
as given are averages for condition& in 
vhich the species dominates the vegetation, 
in areas with high infiltration. 
Species Distribution Period of Biornass 
vegetative - 1 zone (kg.ha ) 
hohyets (111D) growth 
(d) min. 11ean 
Cenchrus bifiorus 100-500 20-30 100 700 
Schoenefeidia graciiia J00-700 30-40 200 1200 
Diheteropogon hagerupii 400-900 35-55 500 2500 
H content 
(%) 
max. min. 11ean max. 
3000 1. 7 1,1 0,7 
4000 1 ,5 0,9 0,7 
5000 0,9 0,5 0,4 
Another factor not dealt with here is the palatability of the 
various species, which is an oversimplification if the area to be 
evaluated becomes quite limited. However, it must be taken into account 
that palatability is a relative factor, significant only when the 
livestock can select. 
Other species characteristics which must be taken into account are 
the leaf/stem ratio and the crude fibre content. 
Table V-9.2 illustrates the fact that, in principle, the nitrogen 
concentration (and thus the protein content) is not a species 
characteristic, but is related to the duration of its growing period. In 
a given location, the concentration of N (and of P) in long-cycle species 
will be lower than in short-cycle species at the end of rainy season, 
when moisture availability is low. However, a species such as 
Diheteropogon hagerupii may have a higher concentration of N than 
Cenchrus biflorus when water availability is high. Thus exploitation can 
also be a determinant of quality, through its effect on infiltration. 
Thus at the end of the growing period the concentration of N and P 
will be higher in the north than in the south. This was indeed true for 
the transect, both for average values of the entire herbaceous stratum 
(see Figure V- 9.9), and for individual species, as already shown in Table 
V-9.2. The range among sites and years is greatest in the north, since it 
is there that fluctuations in water availability are expressed by a 
different dilution of nutrients taken up. South of the 500 mm isohyet, 
water availability is nearly always high enough for complete dilution. 
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The re are, however, locations with high N and P levels, particularly 
where C3 species dominate, and where manure is added. 
The relation between the N and P concentrations and moisture 
availability (infiltrated water) is not much better than that between N 
and P concentration and average rainfall (Figure V- 9.9), since site and 
vegetation characteristics are as important as rainfall. The cluster of 
points in Figure V- 9.9 can be ordered, however, by replacing the scale of 
average rainfall by that of actual biomass production, if one 
distinguishes between the C4 grasses, the C3 dicotyledones, and legumes . 
Figure V- 9.10 presents schematically observations made along the 
transect. Along the transect no sites were dominated by perennials, but 
observations elsewhere indicate that they have a lower N and P 
concentration than the annual grasses, because of their longer cycle. 
This fact has been taken into account in the last figure, which 
schematically presents the forage situation at the end of the rainy 
season: the biomass and its nitrogen concentration are shown in relation 
to average annual rainfall. Phosphorus can replace nitrogen here, if the 
values are divided by ten (Figure V-9.11). 
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